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AUXILIARY ELECTRIC PROPULSION - STATUS AND PROSPECTS
| by

William R. Mickelsen
Colorado State University

and

William C. Isley
Goddard Space Flight Center

ABSTRACT

Missions for auxiliary electric propulsion are
reviewed, including difficult future missions. The
present status of electric propulsion applications is
summarized. This summary includes electric propulsion
systems in missions already flown and in definitely
scheduled flights through 1969. Some advanced concepts
are described that have promise of providing superior
performance. These advanced concepts include thermal
augmentation of resistojets for MORL class spacecraft,
supersonic power addition in electrothermal thrusters,
higher-voltage solar—~cell arrays for charged-particle
thrusters and for bombardment thruster systems, and
radioisotope electrogenerators for charged-particle
thrusters and for pulsed-plasma thrusters.



AUXILIARY ELECTRIC ‘PROPULSIQN - STATUS AND PROSPECTS
by .

William R. Mickelsen*
Colorado State University

and

William C. Isley**
Goddard Space Flight Center

INTRODUCTION

" Mission requirements have played a very important role
in the direction of development for electric propulsion
systems in the millipound and micropound thrust regimes.

As early as 1962, it was recognized by many workers in the
field that systems in the "micro-thrust" range would be
required for a number of spacecraft applications. Probably
the first specific case evolved from studies of 24 hour
synchronous spacecraft, where reaction jets were found to
be necessary for east-west station keeping. As initial
‘missions involved spin stabilized satellites, the problems
were complicated by the requirement for pulsing of jets in
synchronism with the spin period in order to provide station
keeping. Cold gas nitrogen and peroxide systems emerged as
the choice for flight application primarily because
propellant weight requirements were small and no alternate
electric propulsion approach had been developed to a point
suitable for flight use.

The early mission studies gave rise to a wide variety
of R&D activities to provide electric thrust systems for
the future missions (ref. 1). The resistojets, ion micro-
thrusters, and plasma devices were but a few concepts that
grew out of the ant1c1pated need for small station-keeping
systems. As more serious concern was given to north-south
‘station keeping of spacecraft, attention turned to the ,
higher specific impulse concepts such as bombardment, strip-
ion, and colloid thrusters, which could operate at thrust
levels from 300 to 500 micropounds. In this case propellant
weight has become a strong factor in system selection. A
number of application studies were performed to assess

* Professor of Mechanical Engineering and of Electrical
Engineering. Participation in this work under NASA Grant
NGR06-002-032, Electric Thruster Systems, OART.

** Head, Systems Analysis and Ion Propulsion Section.



optimum thrust levels, the advantages of thrust vector
deflection, and propulsion system configuration (refs. 2-4).
The results of such investigations generally pointed to the
strong influence of onboard electrical power for system
operation. For example, approximately 75 watts is required-
to operate a 350 micropound cesium ion bombardment micro-
thruster for north~south station keeping of a 24 hour
spacecraft. This power drain would be relatively constant
for a spacecraft weight of 1,500 pounds.

The serious consideration of gravity-gradient oriented
spacecraft in a 24 hour orbit led to yet another mission
application for electric propulsion. It was discovered that
thrust levels in the range from 10 to 30 micropounds would
be required for east-west station keeping in the presence
- of gravity stabilizing torques. Elastic body effects
associated with the long boom extensions on such spacecraft
would cause a motion of the center of mass with resulting
attitude disturbance torques on the main body during
translational corrections due to thruster misalignments.

The maximum permissible thrust level for east-west station
keeping was established as that value which could tumble the
spacecraft within a prescribed time interval. As an out-
growth of this problem, beam-vectored thrusters appeared
quite attractive for minimizing such attitude disturbances.

The most recent mission applications pertain to
attitude fine pointing and slewing of large dish antennas in
a 24 hour orbit. The use of electric propulsion devices for
such purposes has been extensively studied (refs. 5,6) to
establish relative advantages with respect to other com-
petitors such as momentum wheels, control moment gyros, and
similar concepts. Such studies have indicated that near-
term applications will be decided primarily on inherent
reliability of competing approaches rather than size,
weight, or power alone. Devices such as momentum wheels
have a fixed weight penalty, but require electrical power in
amounts dictated by slewing rates, solar pressure profile,
and required maneuvering action. Generally speaking, such
devices also require onboard reaction jets to enable
unloading of wheels intermittently, so that this additional
weight penalty should be included in comparisons.

From a mission planning standpoint the future prospects
for spacecraft auxiliary electric propulsion appear to be
promising. In addition to the follow-on flights into 24
hour orbit involving station keeping, it is foreseen that
larger spacecraft in spinning modes will be placed in 24
hour orbit, where precise attitude control will be needed
for precession of the spin axis. Three-axis stabilized



spacecraft should become larger in size and weight,
necessitating greater total impulse for orbit correction.
The MORL is but one example of this trend.

As the observer looks further into the potentialities
and future prospects of electric propulsion, the trend
appears to be turning strongly in the direction of total
systems design approach rather than simple physical |
tradeoffs. The development costs will definitely play an
important role in selection of future concepts. To this
point, mission requirements have been primarily limited to
applications in a 24 hour orbit. There are at least two
other interesting missions that will be mentioned here.

The requirements for Earth observation spacecraft using
-solar power present unique requirements for orbit control.

A typical example is a spacecraft located in a nominal

480 nautical mile circular orbit which is inclined 101.9
degrees with respect to the equator. This orbit provides

- both sun synchronism to maximize power and a near-
synchronous earth ground track at the equator crossings.

The mission objective is to maintain the ground track with
regard to overlap in picture coverage at successive periodic
crossings. The sensitivity to orbit variations is demon-
strated by the fact that a 0.6 nautical mile change in
semi-major axis produces a 10 nautical mile change in over-
lap out of a total picture width of 96 nautical miles.
Studies of the long term maintenance of such an orbit have
shown that onboard reaction jets will be required for
mission lifetimes in excess of one year assuming perfect
initial injection (ref. 7). The total impulse reguirements
appear to be well suited to a number of electric propulsion
concepts.

- Another mission possibility is the Hummingbird
satellite, which would be located at one of the libration
points in the earth-moon system to serve as a communications
relay point in Apollo or post—-Apollo missions. Early
studies have indicated that electric propulsion may be the
preferred approach for orbit maintenance against gravi-
tational perturbations. Further study will be required to
obtain a firm direction for development activities.

. CURRENT STATUS SUMMARY

A brief summary is given here of major directions of
hardware development and applications in spacecraft
~auxiliary electric propulsion. A more detailed description
of electric propulsion for prime onboard equipment, and for
flight experiments, will be found in ref. 1. The status of
prime-onboard operational systems (0S) and flight-experiment
systems (FE) is summarized in Table TI.



Operational Flight Systems

The resistojet, in a general sense, represents the
most basic attempt to improve propulsion system performance
over cold-gas and available chemical devices. Two basic
avenues were followed in R&D programs for the resistojet.
The first approach treated the thruster as a thermal
storage device which would be operated under quasi steady
state conditions in a pulse mode manner. This technique
maximizes realizable specific impulse for brief pulse
durations (of the order of minutes) by the use of stored
heat to maintain plenum gas temperature. For long-term
pulses (continuous operation) such a thruster would degrade
in specific impulse to match the end-pcint energy balance.

Figure 1 shows a single-nozzle version of the TRW
Systems resistojet, successfully flown on a Vela III space-
craft in 1965. The design approach was simply to heat the
conventional nitrogen propellant to a higher temperature
using an electrical heater and thermal insulation on the
thruster body. A later version of the TRW resistojet is
shown in Figure 2. This represents a multijet thruster
flown successfully on an Advanced Vela spacecraft in 1967.
Again nitrogen was employed as propellant in a conventional
system. Figure 3 presents a single-jet version of a thermal
storage resistojet built by General Electric and flown on an
NRL spacecraft in 1967. This thruster operates from ammonia
propellant, which is stored as a liquid in a tank and fed by
capillary action to the thruster.

The second design approach for the resistojet was
employed by AVCO Corporation as shown in Figure 4. Here,
emphasis was placed upon obtaining fast heatup of the
propellant contact surface by minimizing the thermal mass of
the heating region. The resulting thruster has a general
appearance of a hypodermic needle where propellant is
injected through the needle and the ends of the needle are
resistively heated. Experimental systems of this type were
built and flown on the ATS B and C spacecraft, and advanced
versions will be prime-onboard equipment on the ATS D and E
spacecraft. ‘

The tradeoff factors between the two design approaches
depend heavily upon the intended use, specifically the pulse
length and required duty cycle. For attitude control having
very low duty cycle, the pulsed-mode resistojet offers

significant power savings. For long-term pulsing or high
~duty cycle the thermal-storage resistojet appears attractive
because of the higher obtainable specific impulse.



Flight Experiment Systems

In addition to the resistojet programs which have
attained a flight status, there are a number of flight
experiment systems presently under development to assess -
their performance capabilities in space for mission
functions similar to those previously described. These
systems are scheduled to fly in the Air Force multi-purpose
synchronous satellite program (AFMS), on the ATS D and E
spacecraft, and in the LES program (ref. 8).

The General Electric Company ammonia thermal-storage
resistojet shown in Figure 5 is designed to demonstrate
multiple (redundant) exhaust jets for station-keeping
functions in the AFMS program. GE is also developing for
NASA Goddard a similar resistojet where the nozzle config-
uration will provide combined attitude control and station-
keeping from a single thruster module and heater. Also
included in the AFMS program are the Electro-Optical
Systems, Inc. cesium electron-bombardment thruster, for
north-south station keeping, shown in Figure 6; and the
TRW Systems liquid-spray charged-particle thruster for
east-west station keeping and yaw control, shown in Figure 7.

Figure 8 shows a cesium contact ion microthruster with
beam vectoring capability which is now under development at
Electro-Optical Systems for testing on the ATS D and E
spacecraft. In addition to evaluating system behavior this
experiment will also permit a demonstration of east-west
station keeping thrust levels on a gravity gradient
stabilized spacecraft.

Pulsed~plasma thrusters have also reached a development
stage where flight experiments can be scheduled. The
Republic Aviation Division of the Fairchild Hiller
Corporation is preparing a solid-propellant pulsed-plasma
thruster system for the LES flight program.

The ATS F and G spacecraft programs presentlyvuhder
study might be vehicles for testing advanced versions of a
number of thruster systems discussed so far.

ADVANCED CONCEPTS

There are a number of advanced concepts in auxiliary
electric propulsion that have promise of providing superior
performance, greater reliability, and better matching with
the spacecraft interface. Some of these concepts have been
mentioned previously in reference 9, but are discussed
further here, and in addition, some new concepts are
presented.



Radioisojet

A direct alternate to the resistojet class of thrusters
is the Radioisojet, which employs a radioisotope thermal
source in place of the electrical heater (ref. 10). &Early
development work for such thrusters has been carried out by
General Electric Company and TRW Systems. The GE approach
employs promethium-147 oxide as the heat source, and the
thruster configuration is shown in Figure 9. The TRW
Systems design approach employs Pu-238 as the heat source
in a thruster configuration somewhat similar to that
previously shown. The major factors in selection of best
radioisotope lie in requirements for radiation shielding
and aerospace safety for a flight unit. -

During tests of the Radioisojet, ammonia propellant
temperatures of 1270°K were attained. For reasons that
will become clear in the ensuing text, the Radioisojet
technology is an important and essential element in a
number of advanced electric propulsion concepts.

MORL'Resistojet

The manned orbiting research laboratory (MORL) is a
possible unique application for electric propulsion in the
foreseeable future. tudies by the McDonnell Douglas
Corporation (ref. 11) have shown that a resistojet
propulsion system (Figure 10) operating with biowaste
propellant would serve well for drag cancellation and for
attitude control in conjunction with control-moment gyros.
The EC/LS system for a 6-crew MORL could consist basically
of an electrolysis unit to produce oxygen from water
supplied periodically to the spacecraft. A major
constituent of the biowaste would be carbon dioxide gas,
which would provide more than sufficient propellant for all
propulsion requirements.

Because of oxidizing impurities in the carbon dioxide
biowaste, it appears that resistojet operation may be
limited to 3000°R plenum temperature. With 40 psia plenum
pressure, the performance of such a resistojet would be
about 4 watt(electric)/millipound at a specific impulse of
178 seconds (ref. 11).

A possible way of improving this performance is by
combining Radioisojet technology with the carbon-dioxide
resistojet in the ATEP concept (augmented thermally electric
propulsion). Principles and advantages of the ATEP concept
are described and analyzed in ref. 12. The diagram in
Figure 11 illustrates a hypothetical application to the
MORL electric propulsion system. If the radioisotope heater




performance could approach that of the Radlols03et then the
. carbon dioxide could be thermally heated to 1200°K, and then
“electrically heated to the 3000°R (1670°K) compatlbllity
limit. As shown in Figure 12, the ATEP concept with radio-
" isotope pre-heating of the. propellant might lower the power/
thrust to 1.7 watt(electric)/millipound. This reduction in
electric power could be very significant in missions of

the MORL type.

Supersonic Heat Addition in Electrothermal Thrusters

Another application of the ATEP concept is heat
addition to supersonic streams by electrical means. In
principle, 31gn1flcant increases in specific impulse are
possible, without incurring dissociation or ionization
losses in the near frozen flow to be expected in electro-
thermal thrusters. Analyses reported in refs. 13 and 14
have shown that the mode of heat addition has a very great
effect on the nozzle area ratio that is required to reach
significantly higher exhaust velocities. The best heating
mode reported to date is a linear relation between heat
addition and nozzle cross-sectional area, and this mode is
used here merely for want of better information.

Theoretical performance of a lithium electrothermal
thruster with supersonic heat addition is shown in Figure
13. An area ratio of 100 is assumed for the nozzle, as
being representative of an optimum realistic design
(ref. 15). Plenum temperature is assumed to be 2500°K,
which is in keeping with demonstrated resistojet
temperatures (ref. 16), and a negligible exhaust pressure
is assumed. Even with the non-optimum mode of supersonic
heat addition, significant increases in specific impulse
are indicated as the total temperature is increased. This
increase in specific impulse appears possible with
negligible change in power/thrust. With a fully optimized
mode of heat addition, even better performance is
anticipated, as discussed in ref. 14.

Even more dramatic improvement in performance is
- predicted when a combination of thermal augmentation and
supersonic heat addition is employed, as shown in Figure 14.
Much of the improvement is due to the high heat of
vaporization of lithium. As with the carbon-dioxide
re81stoget radioisotope thermal heating of the propellant
to 1200°K is assumed, which is within the present state-of-
the~art for RalelSOjet technolocy. It must be noted that
thermal heating of lithium to 1200°K would provide a vapor
pressure of only 1.5 torr, while thermal or electric
heating to 1600 K would provide a .vapor pressure of 1
atmosphere. For this reason, thermal heating to the higher



temperature would be advantageous. Further improvement in
Radioisojet design could allow increased thermal heating of
the lithium propellant, with attendant reduction of the
electric power requirements. In addition, further
improvement in performance with supersonic heat addition
should be possible with optimized modes of heat addition.

Higher-Voltage Solar-Cell Arrays

Advantages of higher-voltage solar-cell arrays are
discussed in ref. 9 with regard to system weight and
reliability of ion thrusters. As more flight-system
experience is gained, it becomes increasingly evident that
the power conditioning needed to provide kilovolts of
electric power for electrostatic thrusters is a serious
detriment to system reliability. Operation of solar-cell
arrays at hundreds of volts could completely eliminate
power conditioning. Some work is presently being done to
investigate the feasibility of operating the solar arrays
at higher voltage (ref. 17).

f

In the specific impulse range normally dominated by
resistojets, it appears possible to obtain good performance
from the 11qu1d spray charged-particle thruster with
voltages in the hundreds of volts. As shown in Figure 15,
a solar-cell array voltage of 400 volts could provide a
specific impulse of 280 seconds with charged-particle
g/m = 10,000 coulomb/kg, which is a presently attainable
value (ref 18). Performance of the liguid-spray thruster
at 280 seconds specific impulse is definitely competitive
with conventional resistojets. If even higher solar-cell-
array voltages were possible, the liquid-spray thruster
could exceed the specific impulse of present-day re31st03ets
in the low micro-pound thrust range.

Electrostatic ion thruster performance may be very
attractive with only moderate increases in solar-cell-array
voltage, as shown in Figure 16. The hypothetical thruster
used for these theoretical calculations was assumed to have
the demonstrated performance of a cesium hollow cathode,
with total-throughput ion optics (ref. 19), and adequate
power density by virtue of a composite-grid accelerator
structure (ref. 20). Satisfactory operation with composite
grid accelerators has been achieved in 100 hour tests with
thrusters from 5 cm to 30 cm in size, and with net
accelerating voltages from 400 to 1000 volts (ref. 21).
Power/thrust for the hypothetical thruster with other alkali
propellants was calculated with the assumption that the
cathode power consumption (ev/ion) would be proportional to
the first ionization potential of the propellant.



From this brief examination of the performance of two
extremes of electrostatic thrusters (with respect to charge/
mass of propellant), it is evident that much would be
gained if solar-cell arrays could be operated at hundreds
of volts.

- The ACCENT System

A new concept in auxiliary electric propulsion is
called ACCENT (for autogenically-controlled-cesium-, or
colloid~, electro-nuclear-thrust system). This concept
offers promise of significant reductions in propellant mass
and in demands on the spacecraft power system, and by
virtue of the small number of components, the ACCENT system
offers greatly improved reliability (ref. 22). High-voltage
dc electric power is generated in a radioisotope electro-
generator (REG) as described in refs. 22 and 23, thereby
eliminating the complex power conditioning needed for
conventional electrostatic ion and colloid thrusters, and
for pulsed-plasma thrusters. ‘

In ACCENT systems having contact-~ion thrusters, radio-
isotope heating of the ionizer would be required. Low-
voltage power for the neutralizer and control circuitry
could be provided by incorporating radioisotope thermo-
electric generators (RTG). :

The REG performance improves as operating voltage is’
increased, reaching a maximum efficiency at about 50,000
volts when promethium-147 is the fuel. This high-voltage
capability makes the ACCENT system especially well suited
to the liquid-spray charged-particle thruster. With the
bi-polar liquid-spray thruster, there is no neutralizer,
and propellant-feed power requirements could be supplied by
waste heat from the REG. Low-voltage power for control
circuitry could be drawn from the spacecraft power system,
or could be generated by an integral RTG within the REG
containment vessel. Hypothetical ACCENT systems with 20
micropound and 350 micropound bi~polar liquid-spray
thrusters are shown in Figures 17 and 18. Although REG of
such designs have not been developed, there is sufficient
experimental background to indicate fundamental feasibility
(refs. 22 and 23). In fact, some characteristics of the REG
would be especially compatible with electrostatic thrusters;
for instance, an electric breakdown in the thruster would
merely drain the REG much like a capacitor discharge,
thereby automatically limiting breakdown damage to the
thruster.




Because of the capacitor-like action of the REG, the
ACCENT system should be well suited to pulsed-plasma
thrusters. There are a number of pulsed-plasma thrusters
under development at present. These can be characterized
in scope by the solid-propellant Fairchild Hiller thruster
described previously,- and by the gas-propellant inductive-~
accelerator system under development at TRW Systems (ref. 24).
These thrusters require a capacitive discharge for each
thrust pulse, and this discharge could be provided by the
REG in an ACCENT system.

With the virtual elimination of all power demand on
the spacecraft system, and with reliability through
simplicity, the ACCENT system appears to be an advanced
concept of great interest.

FUTURE TRENDS

The usual criteria for selecting most promising design
concepts is basically one of comparing physical parameters
such as size, weight, power, and development status.
Experience with flight systems and those under development
for flight experiments has shown that use of such physical
criteria must be replaced with a total systems design
evaluation which includes the categories of rellablllty,
design complexity, and cost. For example, the existing
resistojet systems rely on an electrical heater for
improvement in specific impulse. This heater must
ultimately demonstrate high-temperature, long-life capa-
bility in order to maintain a competitive position among
other approaches. In contrast, Radioisojet uses a radio-
isotope heat source of inherent high reliability. However,
now the problems shift into radiation shielding, spacecraft
interfaces, and aerospace safety. Both of these systems
require a propellant on-off solenoid valve, which itself
must be treated as one of the most important design factors.

For the ion and colloid thrusters, the problems become
high-voltage circuitry, electromagnetic interference,
reliability of heater elements and electrode degradation.
The pulsed plasma devices which are valveless still must
deal with electrode deposition and with high-voltage
circuitry to obtain competitive performance. A number of
design options have been studied to remedy the major -
reliability problem areas being faced by the conventional
ion and colloid systems. For example, the neutralizer could
be eliminated on the colloid thruster by employing a bi-polar
concept which groups positive and negative needle arrays.
Either high-voltage solar-cell arrays, or the ACCENT concept
could eliminate most of the complex power conditioning
circuitry needed for either .engine type. In addition, the

10



ACCENT system offers complete independence from the space-~
craft power system by virtue of complete self-containment.
There probably will be an upper practical limit to solar-
cell array voltage, which will prevent use of this concept
for all applications. Similarly, radiation shielding and
aerospace safety requirements probably will limit the thrust
range of ACCENT systems.

None of the advanced concepts discussed in this paper
are offered as universal solutions for auxiliary propu151on
applications. Each has particular advantages and regimes
of operation, and all are deserving of some further study
to assess their final value to auxiliary electric propulsion.
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TABLE I - Summary of prime-onboard operational

systems (0S), and flight-experiment systems (FE).

VELA-TIT

TRW RESISTOJET: NITROGEN.
SINGLE-JET, THERMAL-STORAGE

VASP

TRW RESISTOJET: NITROGEN,
MULTI~JET, THERMAL-STORAGE

NRL

GE RESISTOJET: AMMONIA.
SINGLE-JET, THERMAL-STORAGE

ATS B, ATS C

AvCO RESISTOJET: AMMONIA
SINGLE-JET, PULSED-MODE
AF MuLT1-PURPOSE

GE RESISTOJET: AMMONIA.
MULTI-JET, THERMAL-STORAGE

EOS ELECTROSTATIC THRUSTER:
CESIUM, ELECTRON-BOMBARDMENT

TRW ELECTROSTATIC THRUSTER:
GLYCEROL, LIQUID-SPRAY

AIS D, ATS E

AVCO RESISTOJET: AMMONIA.
SINGLE-JET, PULSED-MODE

EOS ELECTROSTATIC THRUSTER:

CESIUM, CONTACT-ION, TWO—-AXIS

THRUST VECTORING

LES

REPUBLIC AVIATION PLASMA
THRUSTER: SOLID PROPELLANT,
PULSED-MODE

‘65 ‘66 67 '68

0S

0S

0S

FE
FE
FE
FE
0S
FE

69

FE
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Invited paper to be presented at the 3rd Intersociety Energy
Conversion Engineering Conference, Plenary Session. Boulder,
Colorado. August 16, 1968.

%
POWER NEEDS FOR ELECTRIC PROPULSION

* %
by William R. Mickelsen

Colorado State University
Fort Collins, Colorado

ABSTRACT

The present status and future trends of electric
propulsion systems and missions are briefly reviewed. Some
typical electric propulsion systems are described, these '
cover a thrust range from 20 micropounds to 65 millipounds,
and are intended for space missions ranging from satellite
attitude control to primary propulsion for interplanetary
unmanned vehicles. Electric power needs fcr electric
propulsion systemé are summarized in terms of three general
mission classes; auxiliary, intermediate and primary propulsion.

In the auxiliary-propulsion class of satellite missions,
it appears that electric propulsion power needs for 2000-pound
satellites will range from 2 watts to 200 watts, depending on
the thrusting function and on future research and development
of advanced concepts. _

Intermediate-propulsion missions include the MORL and the
raising of satellites to 24-hour synchronous orbits. Power
for electric propulsion systems in this class of possible
future missions will range from 100 watts to several kilowatts.

Possible future primary-propulsion missions include both
unmanned and manned interplanetary spacecraft. Small unmanned
spacecraft may require power for electric propulsion in the
range from 100 watts to several kilowatts. Still farther in

* Done under NASA Grant NGR06-002-032, Electric Thruster
Systems, OART.

*% Agsociate Fellow, AIAA. Senior Member, IEEE. Professor of
Mechanical Engineering and of Electrical Engineering.



the future, manned interplanetary vehicles will probably
require electric powerplants of several megawatts output
power for the primary electric propulsion system.

Power needs are listed for those thruster systems that
appear suited to each particular mission. It is intended
that this survey paper will serve as a progress report to
those in the field of electric power generation, and
hopefully can serve as an approximate guide in the synthesis
of future electric propulsion systems.

INTRODUCTION

In the past ten years research and development has
brought electric propulsion systems to a flight operational
status on some earth satellite spacecraft. Further, complete
thruster systems are presently being developed to demonstrate
the performance advantages of electric propulsion for inter-
planetary space flight. The present status and future trends
in electric propulsion for this wide range of mission types
are discussed in detail in recent articles (refs. 1-6). With
electric thruster systems having reached a stage of realistic
design, it is of interest to survey the electric power needs
of the various thruster systems that may be candidates for
possible future space missions.

It is the intent of the present paper to provide those
working in the field of electric power generation with a
comprehensive survey of the electric power needs of presently
existing thruster systems, of thruster systems presently in
the research and development phase, and of possible future
thruster systems that fall in the realm of advanced concepts.
Power needs for existing flight operational systems can be
defined quite accurately, while the power needs for advanced
concepts can be only approximately assessed at the present
time. Because of the brief survey nature of this paper, power
assessments are limited to gross power levels, and to listings

of the highest voltages needed for each particular thruster

system. Details of the numerous auxiliarv voltages and currents

for each thruster system are avilable from the referenced
literature.



It must be noted that many of the mission applications
for electric propulsion that are listed in this paper are
merely possibilities for the future and should not be
construed as real flight programs at this time. Furthermore,
the performance characteristics of thruster systems in the
research and development phase are only approximate at best
and therefore should be used only as approximate guides in
preliminary design studies of future vehicles. Performance
parameters for the advanced concepts in electric thruster
systems are even more tenucus and are included here only to

indicate probable future trends in electric power needs.

GENERAL STATUS OF ELECTRIC THRUSTER SYSTEMS

Before proceeding to the assessment of power needs for
electric propulsion, it is necessary to clearly define the
present status and future trends of electric thruster systems.
In defining this status, three general classifications are
used: operational, research and development, and advanced
concepts. Some thruster systems described here are in
transition between these status classifications, and in such
cases the judgement for classification hopefully represents
the consensus of opinion of those working in the field of

electric propulsion.

Operational Thruster Systems

Operational systems are those electric thruster systems
that have been flown or will be flown on scheduled spacecraft
missions. Some of these operational systems are prime onboard
equipment to perform thrusting functions that are required
for the success of the mission. ther operational systems
have, or will, perform thrusting functions more in the nature
of flight demonstration-equipment (refs. 1 and 2). ‘

Three examples of operational electric propulsibn systems
are shown in Figures 1 to 3. The resistojet thruster system
shown in Figure 1 is representative of an early application

of electric propulsion to operational spacecraft. This
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resistojet system is used for attitude control and orxbit
“adjustment of the advanced VELA spacécraft.

The contact ion microthruster system shown in Figure 2 _
is presently being readied for flight on the NASA ATS-D space-
craft as a flight experiment to demonstrate attitude control
and east-west station keeping functions. A notable feature
of this electric propulsion system is the capability for
precision thrust vectoring by means of electrostatic deflection
of the ion exhaust beam with the segmented acbelerating
electrodes shown in the figure. Also notable in the figure
is the packaging for the complete power conditioning and
control system which draws power from the spacecraft solar-
array bus, and provides high voltage d.c. to the thruster system.

The cesium bombardment thruster system shown in Figure 3
is representative of systems intended for north-south station

keeping functions on synchronous satellites.

Systems in Research and Development

There are a number of electric thruster systems in various
stages of research and development. Each of these systems are
expected to have improved performance or operational advantages
over the present operation systems. The systems that are
classified here in the R & D category have a complete compliment
of all components that would be required in a flight version
of the system. In addition, all have been operated in
laboratory vacuum facilities under test conditions and
durations adequate to establish their operational feasibility.

A resistojet systems has been proposed as a possible
propulsion system for manned orbiting research laboratories to
provide thrust for drag cancellation and for attitude control.
This proposal is illustrated in Figure 4, and would consist of
a total of twenty-~four resistojet thrusters located in four
modules around fhe periphery of the MORL. A significant
feature of this proposed system is the utilization of carbon
dioxide biowaste as propellant for the resistojets. Resistojet
systems have been operated with carbon dioxide at specific

impulse wvalues high enough to provide the required daily total
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impulse without exceeding the daily production rate of carbon
dioxide biowaste

Another example of an electric thruster system in the
research’and development stage is shown in Figure 5. This
four-thruster array of mercury bombardment thrusters is typical
of the system size and complexity that would be required for
primary propulsion of interplanetary unmanned spacecraft.
This thruster array is presently under development at JPL for
purposes of demonstrating the feasibility of solar electric
propulsion systems (refs. 3 and 4).

Advanced Thruster Concepts

A number of advanced concepts have been proposed that
have marked potential improvements in performance or opera-
tional characteristics. Some of these advanced concepts are
discussed in the recent literature (refs. 2 and 6). All of
these advanced concepts are based on demonstrated performance
of individual components, but none have been operated as
complete thruster>systems. These advanced concepts are
included in the present survey for the purposes of indicating
approximate future trends.

POSSIBLE MISSIONS FOR ELECTRIC PROPULSION

Missions for electric propulsion can be roughly divided
into three categories: auxiliary, intermediate, and primary
propulsion missions. Auxiliary propulsion is generally
defined to include thrusting functions of a relatively low
magnitude in which the spacecraft velocity is not appreciably
affected. The control of satellite attitude is certainly an
auxiliary propulsion function, and the station keeping of
synchronous satellites may also be included in this category.
Intermediate electric propulsion can be defined to include
thrusting functions such as drag cancellation for low-level
satellites, and significant orbit transfers such as raising a
satellite from a low parking orbit to the twenty-four-hour
synchronous orbit. Primary electric propulsion missions are
those where the electric propulsion system is an upper stage

in the overall mission profile.



Propulsion requirements for auxiliary propulsion missions
can be defined in terms of an effective vehicle velocity
increment, AV per year, and for a given spacecraft mass a
total impulse per year can be determined (refs. 6 and 7).
Propellant weight Wpr'is simply the ratio of total impulse to
specific impulse, I:

Wpr = (total~-impulse/yr)/I ; lb/vr (1)

where Wpr is the propellant consumption per year, total-
impulse/yr is the mission requirement, and specific impulse I
is an electric thruster performance parameter. From inspection
of equation (1) it is evident that very long missions will
require high specific impulse in order to avoid excessive
propellant weights.

In general, higher specific impulse in electric thrusters
is attained by increasing the electric power input to the

thruster. This is illustrated by the following expression:
P =1/2 g, FI/ny, (2)

where P is power input to the electric thruster system in
watts, 9o is the gravitational conversion factor 9.81 meters/secz,
F is the thruster system thrust in newtons, I is specific

impulse, and n h is thruster system efficiency. By considering

equations (1) gnd (2) simultaneously it is evident that there
will be an optimum value of the specific impulse for each
particular set of mission parameters and propulsion system
parameters.

Mission and trajectory analysis for electric propulsion
spacecraft is not a simple matter as the preceding discussion
may imply. However the general features of the influence of
specific impulse on propellant weight and powerplant weight
are as expressed by equations (1) and (2). This trade-off
between propellant weight and propulsion system weight should

be kept in mind in considering the text of the next section.



POWER NEEDS FOR TYPICAL MISSIONS

Power needs for a number of typical electric propulsion
missions are shown in Tables I to III. Each of these
missions could be flown with any one of several thruster
systems. In general,'the‘power needs of the various
thruster systems are widely different, depending on the
specific impulse, the thruster efficiency, and other factors.
For this reason there are quite a few thruster systems
listed for each of the missions in Tables I to III.

The missions considered in this paper are merely
intended to be representative, particularly with respect to
the spacecraft weights that have been assumed. For example,
in Table I, it has been assumed that the final satellite in
24-hour synchronous orbit will have a mass corresponding to
a ground weight of 2000 lbs. Synchronous satellites of much
greater mass are certainly within the realm of possibility,
even with existing booster rocket capabilities. The
20~-micropound anda490—micropound thrust levels have been
determined for 2000-1b satellites with continuous thrusting
modes of operation (ref. 7). The 700-micropound thrust level
for north-south station keeping has been suggested (ref. 8)
as a system redundancy feature where one of a pair of opposing
thrusters could do the north-south station keeping in case
the other thruster failed. Thrust levels would be higher for
more massive satellites.

In Table II, the MORL mission is based on a recent study
(ref. 9). Important mission parameters in this study are a
36,000-pound vehicle in a 164 nautical mile circular orbit,
requiring a total impulse of 1900 lb-sec/day. Any changes in
these mission parameters could be reflected in changes of
power levels. The satellite orbit maneuvers mission shown in
Table II is based on an estimate of thrust levels that might
be required for substantial changes in satellite orbit or
position (ref. 8). With one exception, the power levels shown
in Table II for the synchronous satellite raising mission
were determined from basic trajectory information (ref. 10).
These calculations are based on a 300 nautical mile parking

orbit, with raising by electric propulsion to the 24-hour



synchronous circular orbit, with the constraint that the
electric propulsion system including the solar cell array
(or other powerplant) is included in the final 2000-pound
spacecraft. It was also assumed that the electric propuléion
is done only 1/2 time in each orbit about earth (because of
Earth-shadowing of the solar arrays), and no allowance is
made for the plane change from the 300 nautical mile parking
orbit to the final equatorial synchronous orbit. Trajectory
and mission parameters for the 180-day synchronous satellite
mission with the mercury bombardment thruster system are
reported elsewhere (ref. 11).

Mission parameters for the 600-pound unmanned spacecraft
interplanetary mission shown in Table III represent a minimal
approach to unmanned spacecraft (ref. 12). The 2300~-pound
unmanned spacecraft mission shown in Table III is representative
of scientific probe missions to the major pianets (refs. 3, 4,
13, 14). The 600,000~pound manned interplanetary round-trip
mission listed in Table III is representative of possible
future applications of electric propulsion (ref. 15).

Electric power needs for the various thruster systems
and missions listed in Table I to III were calculated from
the information and references summarized in the Appendix.

The detailed information in the Appendix is provided primarily
for the benefit of those having particular interest in
electric thrusters per se, and secondarily as supporting
documentation for the power levels shown in Tables I to III.

Operational thruster systems for auxiliary propulsion
missions have relatively high electric power needs,
particularly at the higher values of specific impulse that
will be required for long duration missions. The two thruster
systems listed in Table I in the research and development
category will not offer much reduction in power requirements
at high specific impulse. However, there are several advanced
thruster concepts that have promise of significantly lower
power needs at high specific impulse. Whether these possible
future reductions in electric power are especially
advantageous will depend on the size of the spacecraft

powerplant. If the spacecraft is a communications satellite
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in a 24-hour synchronous orbit, it is possible that the
spacecraft powerplant will be in the kilowatt class, and
if this is the case then the power savings indicated in
Table I may not be sufficiently advantageous to justify the
development of the advanced concepts for that particular
mission.
There is another important feature of the thruster
systems for auxiliary propulsion missions that are listed
in Table I in the R & D and the advanced concept categories.
This feature is the ability of some of the thruster systems
to operate at relatively low voltage levels in comparison
with the high voltages required by the operational systems
at high specific impulse. For example, the mercury bombardment
thruster system presently in the R & D phase has a maximum of
400 volts d.c. in the overall system, which is a voltage level
that seems attainable directly from the solar cell array
without any intervening powér conditioning required (ref. 2).
Virtual elimination of the high voltage power conditioning
equipment would be an advantage both in cost and in improved
reliability. 1In the advanced concept category the lithium
isotope/resistojet offers the possibility of operating
directly from the spacecraft bus at practically any voltage,
but this thruster system has a relatively low specific impulse,
and therefore would have a high propellant weight for long
duration missions. In this same category the potassium
hollow-cathode ion expansion concept would have a significantly
lower voltage then the mercury bombardment thruster in the
R & D category, and in addition would have a higher specific
impulse. The ultimate in auxiliary electric propulsion systems .
is represented by the isotope/liquid-spray thruster concept
which has a high specific impulse and a very low electric
power need, e.g., just enough for the telemetry. This
advanced concept would have its own electric power source
completely independent from the spacecraft powerplant.
Electric power needs for the intermediate propulsion
missions shown in Table II will vary widely, depending on the

particular missions and the particular thruster system. In
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the MORL class mission where biowaste is used as the propellant,
it appears that considerable power savings might be achieved
by the advanced thruster concept where an isotope heater is
coupled with the electric heater in the resistojet thruster
system. This reduction in electric power needs would be
achieved in principle by thermally heating the propellant to
a fairly high temperature, then raising the propellant to its
final high temperature with electric power. The ammonia
resistojet and the lithium isotope/resistojet might also be
used in the MORL class missions, especially where propellant
resupply would not be a significant disadvantage.

The ultimate choice of thruster system for the satellite
orbit maneuvers missions will depend primarily on the total
impulse requirement of the orbit maneuvers, and on whether or
not a considerable amount of electric power is onboard the
satellite for other purposes. For instance, direct-broadcast
synchronous satellites may eventually have onboard power in
the kilowatt range, and if this power were available for
orbit maneuvers then the mercury bombardment or the hollow-
cathode ion expansion thrusters shown in Table II might be
preferable to the resistojets.

Availability of onboard power for electric propulsion
may be a very important considerationvin possible synchronous
satellite raising missions. For instance, if the satellite
had somewhat more than 1000 watts of electric power for
broadcast functions after positioning, then this power might
be used for the lithium isotope/resistojet advanced thruster
concept in raising the satellite from a low parking orbit to
the 24-hour synchronous orbit. With a specific impulse of
400 seconds, and effectively "free" power this advanced
concept should have performance superior to all-chemical
delivery systems. Even if additional power were used to
reduce the raising time to 40 days, the lithium isotope/
resistojet concept appears to offer payload advantage over
conventional chemical rockets in this mission. These remarks
are not intended to promote electric propulsion for this
particular mission, but rather to indicate the great importance

of power level assessment in the field of electric propulsion.
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Electric power level is of major importance in the
primary electric propulsion missions shown in Table III.
Because of the high total-impulse requirements of interplanetary
unmanned and manned missions, optimum specific impulse is in |
the 2000 to 3000 second range for propulsion systems having
powerplant specific mass of 50 to 100 lb/kwe. The mercury
bombardment and the cesium bombardment thruster systems shown
in the R & D cafegory in Table III are not very efficient in
this range of specific impulse, thereby increasing the electric
power requirement. In addition, their voltage requirements
are 1000 volts d.c., which may dictate the use of power
conditioning in solar electric systems. The hollow-cathode
ion expansion thruster system in the advanced concepts
category has promise of higher efficiency and lower voltage
in the specific impulse range of interest for solar electric
unmanned interxplanetary spacecraft. This same observation
may be made for possible future manned interplanetary space-
craft with nuclear electric powerplants. Although the hollow-
cathode ion expansion advanced concept could in principle
have a thrust density sufficiently high for reasonable
packaging in the payload shroud of very large chemical booster
rockets, the MPD arc advanced concept has much promise for a
very high thrust density, which may be a definite advantage
for the megawatt power levels that would ultimately be

reguired for manned interplanetary electric spacecraft.

CONCLUSIONS

From this survey of electric power needs for electric
propulsion, it can be concluded that power levels may range
from several watts to several megawatts depending on the
mission and the propulsion function. Missions with high total
impulse will require specific impulse of the thruster system
in the range above 2000 seconds in order to avoid excessive
propellant requirements. Operation at these high values of
specific impulse will require commensurately high electric
power needs. In such systems with very high power levels,

electric thruster system efficiency will become of crucial
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imporﬁance in order to minimize powerplant size and mass.
There are a number of advanced concepts that offer significant
improvements in thruster efficiency. |

The need for higher specific impulse in intermediate and
in auxiliary propulsion missions will become more acute as
mission durations are increased to 5 to 10 year periods. The
concomitant increase in power needs for the electric thruster
system might be conveniently absorbed in satellites that have
high power levels onboard for other functions. However, in
the interest of cost reductions, ease in packaging in the
_booster vehicles, and elimination of sun-orienting mechanisms,
there will certainly be many satellites where electric power
will be at a premivm. In these cases, reduction of power
needs by a matter of a few watts will still serve as a strong
impetus to the further work on advanced concepts in auxiliary
electric propulsion systems.

A final observation can be made with regard to voltage
levels required for electric thruster systems. Specific
impulse in the range of 2000 to 3000 seconds is of particular
interest for solar electric interplanetary spacecraft. In
this range of specific impulse, the ion thrusters have
accelerating voltages in the range from 100 to 1000 volts d.c.
These factors have led to an interest in research and
development leading to solar cell arrays having such output
voltages. Virtual elimination of power conditioning equipment
is a strong motivation in this regard. This trend towards
lower voltages may be cf direct benefit to future nuclear
electric power generation systems for electric propulsion.
For example, alternator output voltage in turboelectric
systems might be matched directly to the power needs of the
primary electric thruster system.
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APPENDIX - THRUSTER SYSTEM CHARACTERISTICS

Information, data, and assumptions that have been used
in assessing the power needs for electric propulsion are

summarized in this appendix.

AUXILIARY - PROPULSION

Operational Thruster Systems

i

NH, resistojet. I
(Ref. 1)

150 sec. Valves, 2 w; telemetry, 2 w.

§§3 resistojet. I = 200 sec. Valves, 2 w; telemetry, 2 w.
(Ref. 16)

liguid-spray. I = 900 sec. Telemetry, 2 w; neutralizer, 5 w;
vaporizer, 5 w. For F = 490 micropounds, P = 2+(14+5+5)/

.7 = 36 watt, where 14 w thruster power includes a

thruster efficiency of 70%, and where power-conditioning
efficiency is 70%. (Ref. 17)

pulsed-plasma. I = 1000 sec. (Ref. 18)

Cs-bombardment. I = 5000. Power conditioning efficiency,
70%. (Ref. 19)

Cs~contact., I = 6700 sec. (Ref. 1)

Thruster Systems in Research and Development

magnetic-expansion MPD. I = 420 sec. at F = 490 micropounds,

I = 570 sec. at F = 700 miscropunds. Xenon propellant,
all permanent magnets. Power conditioning assumed to
be not needed. (Refs. 20 and 21)

Hg-bombardment. I = 1700 sec. Power/thrust = 220 watt/mlb.
Power conditioning efficiency assumed to be Ne = 0.7.
P = (P/F)(F)/(nc) = 220 x .49/.7 = 154 watts. (Ref. 11)
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Advanced Concepts

Li isotope/resistojet. I = 400 sec. Power/thrust = 5 watt/mlb.
(Ref. 2)

liquid spray. I = 1200 sec. Assumed improved charge/mass.
Power conditioning efficiency, 0.7. P = 2+(18+5+5)/.7 =
42 watts. (Ref. 22)

K hollow-cathode ion expansion. I = 2600 sec. Potassium

propellant. Beam current, 300 milliamp. Thruster

system ev/ion, 97. Net accelerating voltage, 110 v.
Power conditioning assumed to be not needed. Neutralizer
power, 5 watt. Vaporizer power, 5 watt. Total power

P = .3(110+97) + 10 = 72 watts. (Refs. 2, 23, and 24)

isotope/liquid-spray. I = 4000 sec. Telemetry, 2 watts.

Power from radioisotope electrogenerator integral with
thruster system. (Refs. 2 and 25)

INTERMEDIATE PROPULSION
Thruster Systems in Research and Development

ggz biowaste resistojet. I = 180 sec. Thruster power/thrust,
P/F = 4.5 watt/mlb. Power for 002 collection, 110 watt
for 24 millipounds thrust level. (Ref. 9)

NH, resistojet. I = 300 sec. Thruster power/thrust,
P/F = 15.7 watt/mlb. (Ref. 26)

Hg bombardment. I = 1900 sec. Thruster system power/thrust,
P/F = 86 watt/mlb. Power conditioning efficiency,
ng = 0.88. (Ref. 11)

Advanced Concepts

co, biowaste isotope/resistojet. I = 180 sec. Thruster
power/thrust, P/F = 1.5 watt/mlb. Power for CO2
collection, 110 watt for 24 millivound thrust level.
(Ref. 2) '

Li isotope/resistojet. I = 400 sec. Thruster power/thrust,
P/F = 5 watt/mlb. (Ref. 2)
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hollow—-cathode ion expansion. I = 1000 sec. Thruster

power/thrust, P/F = 60 watt/mlb. Power conditioning
assumed to be not needed. (Refs. 2, 23, and 24)

PRIMARY PROPULSION
Thruster Systems in Research and Development

H, resistojet. I = 740 sec. Plenum temperature, 2200°K.
Thruster power/thrust, P/F = 24 watt/mlb. (Ref. 26)

Hg bombardment. I = 2670 sec. Thruster efficiency,

Ny = 0.7. Power conditioning efficiency, Ne = 0.88.
Power/thrust, P/F = (4.45x26,700)/(2x.7x.88) = 96.5 kw/1lb.
(Ref. 11)

Cs bombardment. I = 3360 sec. Thruster efficiency,

Nep = 0.59. Power conditioning efficiency, Ng = 0.88.
Power/thrust, P/F = (4.45x33,600)/(2x.59%.88) = 144 kw/1lb.
(Ref. 19) '

Advanced Concepts

Li isotope/resistojet. I = 400 sec. Power/thrust,
P/F = 5 watt/mlb. (Ref. 2)

hollow-cathode ion expansion. I = 2400 sec. Cesium

propellant. Discharge power; 85 ev/ion. Other powers
(neutralizers, vaporizers, etc.), 25 ev/ion. Propellant
utilization efficiency, ng = 0.99. Net accelerating

voltage, 400 v. Thruster efficiency, Nep = .99/(1+110/400) =
0.77. Power/thrust, P/F = 4.45vj/(2nth) = 4.45%24,000/
(2x.77) = 69 kw/1lb. (Refs. 2, 23, and 24)

MPD arc. This thruster concept has promise of high‘performance
in the megawatt power range. It is assumed here that this
concept may be developed to a performance level equal to
that of the ion expansion advanced concept listed above.

The arc voltage is épproximately 60/nth = 60/.77 = 78 volts.
(Ref. 27)
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3.1

COMPARISON OF VARIOUS HEAT ADDITION PROGRAMS TO
SUPERSONIC NOZZLE FLOW

by Harry I. Leon, Fariborz P. Saheli and
William R. Mickelsen

INTRODUCTION

Previous analysis3'l showed that it is possible to have
a great increase in the exit velocity of a supérsonic nozzle
by heat addition in the supersonic section. This greater
velocity is highly desirable for increasing the specific
impulse of electric thrusters. The velocity increase in the
nozzle was found to be a function of both the amount of heat
added and of the static temperature of the gas.* However,
the area ratio required for this velocity is very sensitive
to the path in which the heat is added. |

Three paths of heat addition were studied. For analyzing
each of these paths, a computer code was developed. These
codes are described in the Method of Analysis and are listed

in the Appendix.

Code for Heat Addition Optimization Using
Steepest Descent Method

With this code, the maximum exit velocity for a given
set of initial conditions can be determined by optimizing
the nozzle area variations as a function of the optimum
heat addition path. The code uses the method of steepest
descent optimization and is written in a general manner so
as to handle a wide range of optimization problems. It can
optimize either by minimizing the enthropy increase or by

maximizing the velocity increase.

* This is, of course, assuming that there are no
discontinuities or friction losses in the flow.
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Codes for Nozzle Design with a Combination of
Heated and Nonheated Supersonic Sections

Continuous Heating. In this code, heat addition was a

linear function of the area (see Equation 3.20). A
combination of linear heating with nonheating gave the

highest velocity per unit area of the paths studied.

Discontinuous Heating. This code is similar to the continuous

heating mode except that heat is added very abruptly (to
simulate arc heating) and then the gas is allowed to cool by
expansion, then again abruptly heated. This process is
repeated through the nozzle. This mode of heat addition
requires much larger area ratios than for the ideal optimum
and for the continuous heating mode, but should provide

performance superior to a single—-arc-heated nozzle.

METHOD OF ANALYSIS

Heat Addition Optimization Using
Steepest Descent Method

The equations for the flow assumed a steady one-
dimensional variable area nozzle with heat addition, inviscid

fluid, and no heat losses. The following equations given by

Pai3'3, are in a form suitable for optimization:

v_ 1 § _ A

Vo (112 c,T A

T 1-yM? ¢ A A

F= "> | g7 & | *a (3.2)
(1-M7) p )

g - -1 9 _ A (3.3)

P —yM? 1 _ A

55| g7 3 (3.4)
(1-M7) P
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where, the Mach Number, M, is given by M = V/(yRT)%, v is the
specific heat ratio, R is the gas constant and T is the
static temperature. ;

The solution of these equations depends both on the rate
of heat addition, g, and on the area variation A(x). When
heat is added in the supersonic section of the nozzle, the
rate of change of area, A/A, must be larger than Q/CpT for a
velocity increase. If it is less, the velocity will decrease
and the Mach Number will decrease toward 1. At M = 1, the
equations (3.1 - 3.4) will be discontinuous.

All the variables in the above set of equations are:
differentiated with respect to the nozzle length, x; therefore,
the solutions will give the flow variable at any point along
the nozzle.

Optimization Procedure. In order to maximize the velocity

at the exit of the nozzle, the method of steepest descent is
used3‘4. A set of initial conditions are assumed, based on
plenum temperaturé, the initial Mach Number where heat first
added, a nominal model for heat addition, and a fixed nozzle
length. This nominal model is based on a study previously
done at Colorado State University3'l.

The set of differential equations used are:

. l - q

V=YV - B (3-5)
(1_M2) CpT

iv = T l"YMz 9 _ 8 + Tg (3.6)
(1-n%) | SpT

A=pr (3.7)

q = Cg - (3.8)

S = % - (3.9)

where C in equation (3.8) is an arbitrérily chosen constant

% is the control function.

i

and B
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The method of steepest descent is applied to equations
(3.5 - 3.9) as follows:
1. A nominal profile for the area A(x) is assumed. The
nominal model is used for the initial heat addition path.
2. For a given set of initial conditions, the equations
(3.5 - 3.9) are forwardly integrated along the nozzle
axis to determine the state variables.
3. The adjoint differential equations:

-

A=~ (F)7T 3 (3.10)

can be solved using the control function, 8, the velocity,

\'
x=L"'
In equation (3.10), A is the adjoint vector, and F is the

as the payoff, and x=L as the stopping condition.

matrix given by:

r— -t

9V 3V 3V 3V 3V

3V 5T 5A 5q 58S

9T 3T 9T 3T 3T

3V 3T %A 3q as

- _ 3f A 3A 3A 3A 3A
F-2f_. | 3A 3A 3A 3A 22 (3.11)

3 3V 3T 3A 3q a8

3g 839 3§ 3q 239

3V 3T 3A 3q 38

38 3S 938 38 238

3V 3T B3A 5q 98

where Y is the state vector, Y = {V, T, A, g, S}. The terms

in the matrix F are evaluated along the nominal path. The

initial condition for the adjoint differential equation is:

&Yy =141, 0, 0,0, 0} (3.12)
Y x=L
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4. The matrix G (given below) is then evaluated.

v/
AT/58
c=2%f._ 3A/3 B : (3.13)
38
3g/5 8
3S/38

5. The new control function, §8(x), can then be evaluated
as follows:

= KRG

§8(x) = 8, (X)) = B a1 (X : (3.14)

where K is a constant which determines the step size for
the iterative process.

6. The new control variable, Bnew(x), is sgsubstituded for B8
in equations (3.5 - 3.9). These equations are then
integrated to obtain the new state variables. The velocity,
V should increase during this iteration. The process is
repeated until the constraints on either the maximum area

ratio or the maximum heat addition are met.

Supersonic Nozzle Design with Combination
of Heated and Nonheated Sections

Linear Heating. The velocity increase in the heated section
of the nozzle is given by the equation:

ar
.l ol qsxty? 8 (3.14)
v 2 A 2 T
MT-1 o
(See References 3.1 and 3.2). It is noted from this equation

that the velocity, V, will increase as long as:

a(r )
da y-1 ,.2 o’ . .
2 (1 + 5 M™) *ﬁigﬂ (3.15)




3.6

where A is the cross section area of the nozzle, y is the
specific‘heat ratio, T, is the stagnation temperature, and
M is the Mach Number.

The velocity increase in the heated section of the nozzle
was analyzed by integréting equation (3.14). Since the path
of heat addition (the relationship between dA and d TO) is
not defined, the equation was integrated by numerical methods.
In order to accomplish this, equation (3.14) was written in

finite difference form as shown below:

T

[e]
Vol [ Pn -1 - (1 o+ (Y 7% (=2 - L 1+
vV 1A 2 To ﬂz—l
n n+1 n
(3.16)

where M is the average Mach Number between section n and n+l.
(The conversion on the average Mach Number for each interval
of area and stagnation temperature charge was explained in
Reference 3.1.) |

The value of the area ratio, AR, where:

A
n+1
N (3.17)

n

AR =

was initialized at the nozzle throat. Then the area ratio, AR,
was increased in small steps, called DAR. DAR was found to
give good results when the value of 0.001 was chosen. Thus the

change in area ratio of each step was written as:

AR = AR + DAR (3.18)

The stagnation temperature ratio, TR, where:

T
&)

T

°n

TR = n+1l

(3.19)

for each step, was then allowed to vary as a function of the

area ratio, AR.
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Many paths for heat addition for the nozzle were studied.

The best paths analyzed were in the form:

-C

TR = AR (3.20)

where ¢ was an input constant into the program. The optimum
design for the nozzle was found to have values of ¢ between
1 and 5. '
The abrupt heating of the supersonic section of the
nozzle was similar to the code above except that the heat was
added very abruptly to simulate a special type of arc heating.
As noted by equations (3.14) and (3.15), unless the area of
the nozzle is changed at a sufficient rate (compared to the
stagnation temperature change) the velocity of the gas will
not increase. Since the area change is small for a supersonic
flow heated at a constant-~velocity, it was assumed that the
heat was added abruptly. The analysis of the heat additiocn
along this path was made by setting dv in equation (3.14)
equal to zero and integrating in closed form. The area ratio
required for a constant-velocity heat addition is given by

the expression:

(3.21)

The design for the nozzle heater would then consist of
several arcs, each having a section of non-heated expansion
between them. The non-heated section of both the linearly-
heated and the abruptly-heated nozzles will be discussed below.

Non-Heated Expansion. A study was made of the effect of a non

heated section between the heated sections of both the linearly-
heated and the discontinuously-heated nozzle. The analysis

for the velocity increase with non-heated expansion was made

using equation (3.14) with d(To) = 0. The resulting equation
was solved by numerical methods similar to equation (3.16)
giving:

v

n+l _ 1

7 = AR 1 5 + 1 (3.22)
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Thus, when the area is increasing (AR > 1), the vélocity of
the flow increases. Then using the first law of
thermodynamics, the stagnation temperature can be written as*:
2 ~ ,
T o= o+ Y (3.23)
o 2Cp

where T is the static temperature. Therefore, when the
stagnation temperature, To’ is held constant and the velocity
is increasing due to the increase in nozzle area, the static

temperature will decrease during the expansion.

- Combination of Heated and Non-heated Nozzle. The non-heated

expansion was incorporated in the nozzle between the heated
sections and between the last heated section and the nozzle
exit. The gas was heated in the nozzle until the static
temperature reached a specified maximum and then was allowed
to expand without heat addition until the temperature reached
a specified minimum. Then heating was again repeated. Many
combinations of maximum and minimum static temperatures were
studied. The heating paths were also varied for the linearly-
heated path.

RESULTS

The addition of heat to a supersonic nozzle was found
to increase the velocity of the gas if the arxea is enlarged
at a rate sufficient to accommodate this heat. As seen from
equation (3.23), the exit velocity is only a function of the
exit static temperature and the stagnation temperature, or
the total heat addition to the gas. The exit velocity versus
the heat added to a lithium propellant is shown on Figure 3.1.
The area change required to obtain this exit velocity, is
however, a strong function of the path in which the heat is
added to the stream.

* In this equation it is assumed that the gas obeys the
perfect gas law with constant specific heat, constant
molecular weight, and isentropic expansion. '
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Heat Addition Optimization Using the
Steepest Descent Method

This program was incomplete at the reporting time since
the constraints which limit the maximum amount of heat
addition and maximum érea change were not as yet incorporated
into the program. However, the preliminary results of the
code are very encouraging. A typical velocity increase on
each iteration is shown in Figure 3.2 for a lithium propellant.
The corresponding area, heat addition, and temperature change
for each iteration is shown in Figures 3.3 and 3.4. The
results shown on Figure 3.4 are particularly interesting
since the heat addition starts approaching a region of
expansion without heating after the heated section. The
heating of a nozzle with heat addition in one section, then
continued expansion without heat addition, was found in the
results below, to give a smaller area ratio for the same
velocity than a continuously-heated nozzle.

Nozzle Design with a Combination of Heated and
Non-heated Supersonic Section

1. Linearly-heated nozzle expansion between non-heated expansions.
Typical results of this study were obtained by hsing
lithium propellant. Figure 3.5 shows the required area ratio

versus velocity for two ranges of static temperatures in

the linearly-heated path between non-heated sections. ’The
corresponding heat addition required for the velocity, shown
in Figure 3.5, versus velocity is plotted on Figure 3.7. If
the velocity was corrected to a given static temperature, the
amount of heat addition required WOuld be the same as that
given on Figure 3.1.

The area required for a continuously-heated nozzle versus-
velocity is shown on Figure 3.6. A comparison of Figures 3.6
and 3.5 shows that the required area ratio is considerably
larger for the continuously-heated path than for the path
with non-heated expansion between the heated sections. For
exampie, at a Velocity of 6000 m/sec, the linearly-heated

nozzle with non-heated expansions required an area ratio of
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approximately 10, while the continuously-heated nozzle for
the same velocity required an area ratio of approximately 30.
2. Abruptlywheated nozzle between non-heated expansions.
Figure 3.8 shows velocity versus area for a nozzle
heated at constant velocity (to approximate arc heating) with
non-heated expansions between the heated regions. The
corresponding path of heat addition for Figure 3.8 is plotted
versus velocity on Figure 3.9. A comparison of the area
ratio required for this path of heat addition with other
paths studied shows that, at a velocity of 6000 m/sec, an
area ratio of approximately 100 is required, compared with an
area ratio of 10 for a linearly-heated nozzle between non-

heated expansions a&nd 30 for the continuously-heated path.

CONCLUSIONS AND FUTURE WORK

Heat Addition Optimization Using
Steepest Descent Method

1. The preliminary results of this program show that
it will be a valuable tool in optimizing the nozzle design.
2. Future work will be in placing constraints of

maximum heat addition and area charge into the computer
program and in combining this code with the code of heating

and non-heating expansion.

Nozzle Design with a Combination of Heated and
Non-heated Supersonic Sections.

1. The use of a combination of heated and non-heated
sections in the nozzle was found to give a much smaller
nozzle area than a continuously-heated nozzle.

2. There is little change in the nozzle area required
if the temperature limits (i.e. maximum and minimum static
‘temperatures) in the supersonic section of the nozzle are

charged. This is shown in Figures 3.5 and 3.8.
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3. The abrupt heating with expansion required a greater
area ratio for a given velocity than either the continuously-
heated nozzle or the nozzle heated linearly between non-heated
expansions. However, it should be pointed out that an arc-
heated nozzle without non-heated expansions between the heated
sections could not obtain an exit velocity of 6000 m/sec with
lithium propellant with reasonable static temperatures.

4. Future work will include the real gas effects¥*,
actual specific heat versus temperature, friction in the

nozzle, and dissociation of the gas molecules.
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NOMENCLATURE

A =  area, area per unit flow rate

AR = area ratio, equation (3.17)

C = proportionality constant, equation (3.8)

c = constant density heat path, equation (3.20)

0
Il

specific heat of gas at constant pressure

]
o
Y

i

area ratio increment, equation (3.18)
= matrix defined by equation (3.11)

= matrix defined by equation (3.13)

= nozzle length

= Mach Number

pressure

= heat input

= gas constant

= entropy

= plenum stagnation temperature

HOHU)PULQ"UEIT'GDI"QI
-
]

= stagnation temperature after heat addition in
supersonic section of nozzle

o
0]

3
o)
Il

stagnation temperature ratio, equation (3.19)
= velocity

= distance downstream of nozzle throat

state vector

= control variable

= specific heat ratio

= adjoint vector

o > =< W NIX g
i

= density

. superscripts
. = total derivative with respect to independent variable
ad .

(=&

dax
- =  normalized wvalue

T = transpose
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*3e0IYL 9TZZON
WOXJ o0ouUR3ISTU TRTIXY SNSISA AJTOOTSA UO UOTIRISI] uoTyezTWT3do TedTdil ~ Z°€ 'OId

wo ‘ (xX) ILOAYL STZZON WOIF S0Ue3ISTQ TBTXY

g0"6¢ 8¢ 9¢ ¥Z (44 0¢ 8T 9T 7T A 0T 8 9 i Z 0
[} 4 i [l i i [ i ] [ 1 i { i ¢
i x*
meH <
¥,0052 = @anjexsdwsl wnueld €
= psunsse seb 3083I94 °C
= zodea wunTyY3lITI T
—— 0TX"¢
SO 0ON S
TRUTWON
UOT3RIOYIT PUZ
0TX"¥

oos/uo A3 TOOTSA

£l



3.15

TeTXY snsIsA O0Tleyd eady U0 sSuoTjeds]T

*3IeOIYUL STZZON wWOII 8dUe3lSTI(
‘UOT3RZTWIFA0 TedTdAL - €€ *DII”

Wwo (¥X) 3eOIYL 9T220N WOXIF dourlsTg TBTXY

8¢ 44 0¢ 9T ¢t 8 i

UOT3RISIT pug
UoT3eI93I 3IST

TRUTWOU

M,006Z = @anjeaadwal unusaTd ¢
pswnsse seb 3093I9g °¢
zodea &sﬂQUﬁq 1
§830N

0T

0¢

0¢,

ov

0§

100T

1011

=02t

(x)¥

(o)e/(x)Y =

OT31eI BDIE



. *3e0IYL ©TZZON WOIJ 20UR3STg TRTIXY
snsioA 3ndul 3esg pue sanjexodws] OT3eIS UO SUOT3IRISIT uorzezTurldo - ¥°€ TOHII -

wo (X) ‘3e0XYl STZZON WOIF 20URISTA TRTIXY .
G0°6¢ rA Y4 12 8°9T 9°CT 7°8 A 0
] T T J T T
wo.m \
/
/
)
i -
w g
0Tf T
¢ N
\.\1\-\\\ m
0 — \I\“\l\\\.\l - m
0] —— o
= =
% TeutwoN *dwag \
~ : N
3 D
: uoT3eIS]I puz “duwag \
N\
TeutTwou 9
UOT3EBASIT PUT O pounsse seb 3oo93iad '€ \
0T ¥,006¢ = @anjexodusy wnusTd °T //-
nM .
3nduT 3eayg Fodeh umtu3 Tl I \
SO} 0N /

J0TXT

0T

| 0T X:

0T .

0T,



12,000f
10,000
// .
el .
8000L -
/// Curve 2
6} - -
SJ) ///
:: -~ Notes
byt - 1. Lithium vapor perfect
o 6000
£ gas assumed.
t 2. Plenum Temperature is
oy 2500°K.
e ,
o 3. Heating rate defined
8 400 by Eguation 3.20 and
= 0_ l
P c values
> 4, ———— heating
— ~ ~—— non heating
Curve Tmax Tmin c
o (<]
2000f No X X
1 3000 1600 1.25
2 2500 2000 2.0
0 1 ||1|11' ! | oo riaald | 4 lIAIIIIIl
1 10 100 1000
Area Ratio Relative to Nozzle Throat
_3;5/— Velocity Versus Area Ratio for Linear Heat Addition

FIG.

and no Heating Expansion



"yzed UOTITPPY
2P0y IBSUTIT J0JF ‘OT3RY ©OIY UOTIODS SS0ID snsisp AJToO[9A - 9°¢€ *DIdA

B<\m4 oT3eY ©SIY UOT3DS9S SSOID

000T 00T ~oT | T
T T T T 0

#1000z

120IY3 ©TZZOU JO

€L (A

Ay tooTap

Dos/I19o38u

eaIe = Yy ‘eoaew TRUTI = “Y¥ ¥ - 000%
pounsse seb 3o08Jxogd ‘¢
M, 0062 = @anjersdwsl wnusTd °¢
xodea wnTyY3lITIT T
SSION - 0009
10008
100001

| .

ooo‘et



: *uoTsuedxyg mgﬂummm_oz
pue burjesy IedUTT IO OT3IRY aanjexsdusy uoTleubels SNSISA AJTOOTSA ~ L€ °"DId
Hoa\moa ‘oT3ey oanjersdwdrl coﬂumcmMpw.

TT 0T 6 8 L 9 < ¥ € Z T
T T 0

L i i I i | ] |

000¢

*STZZOU JO UOTIODS 0007

oTuosxadns ut eanjeisdwdl OTIRIS
WNUWTUTW PpUR WNWTXRW pue sSanfea D pue
‘0z ¢ uotraenbm Aq pouTIOp 93eI DUTIRSH ¢

3.19

¥,006Z ST @Injexsdwsy wnusld ¢ 0009

oos/ao38w ~ A3ITOOTOA

pounsse seb 3o93aad zodea umIylzTI T

S930N

-0008
0002 oosz ——— ,
~4000°0T
009T 000¢ —
Mg A, i
UTULT, XPeur,

000‘zT



Velocity ~ meter/sec

10,000
Notes
! 1. Lithium vapor
2. Plenum temperature is 2500°K
8000 3. Perfect gas assumed
6000}
40004
5 Temperature °K
maximum minimum
20004J — 3000 2500
—————==3000 1500
0 | | Iy
1 10 : 100 1000

Area Ratio Relative to Nozzle Throat
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APPENDIX
Listing of the Computer Codes Used in this Report.
Nozzle Code For: _ Page No.

Optimization Using Steepest 3.23
Descent Method

Linear-Heated Expansions 3.27
Between Non-Heated Expansions

Constant—Velocity—Heated Expansions 3.31
Between Non-Heated Expansions




OO0 CO00O0 00

#FORI(

10

19

12
46

2l

14
13

17

57

3.23

CODE FOR OPTIMIZATION USING
STEEPEST DESCENT METHOD

RAN

PROGRAM SYSDE

THIS ProGRAM IS5 TO MaXIMIZE VELOCLTY 3Y METHOD OF STEEPEST DESCENT
M oND DF STATE VARIoLES

MOND OF POINTS CALCULATED ,

NC WO OFCONSTANTS CPeReMASSsDO=INITIAL DIALETC,

1TH COUNTER

Ys5 ARE STATE VARIABLESR

FYsS ARE DERIVATIVE weReT. DISTANCE

BEITHAZADNT /A ISCONTROL

SUBROUTINE FUsiC 15 SET OF Debo 0OF STATE VARIABLES

SUBROUT INE FUNCL 19 SET UF UeEes ADJOINT TO FIRST SET

SUBROUTIRE FunC2  [9 THE FIRST SET AFTER CHanNGE In CONTROL varRIanbl
SURROUTINE RUDSY  I1S°T0 INTEGRATE aLOnNG DISTANMCE

DIMENST DN YS(lU)sY(lo)9FY(10)9§(30)aHED(d)sSDL(éOOoS);DSOL(&OOsS)e
TT0L(ADDB) e (HUU) 43ET{AHD0D)Y

COMVMON CaYaYSoFYsTTrHeSOLeDSOLsTOLsBETHAsAK B 4RET

FIMTSH=aHF [NISH

READ 100.AED

TF(FINISH=HEN (L)) 492094

PRINT 10lerFD

READ 102etMeNoaNCelTH

PRINT l1o7+«1ITH

IF("!C)bQQOb

READ 103«4C(1)91=1aNC)+CL17)sC(18)«CLLQ)C(20)

RKEAD 1uzeHeXs(Y(IYsI=]eM)

PRINT 104

PRINT 109

GO TO (10912413912 513412 s13)e1TH
CALL FUNC(FYsYeXersMeBETHA)

PRIAT L10sXeRETAAFY (4) 9 (Y (J) sd=]109M)

NOLI J=1 e ’

SOL(1e =Y (L))

DSOL ALy ) =FY (J)

GO T0l4

L.=581

CALL FUNCL(FYaYsXsCsSOLUSOLsLgBaRET)

DO 21 J=1sd

oL (L. y=Y ()

HAMIL=ETOL (e 1) *DSOL (L2 1) +TOL (Lo 2)#¥DB0L (L 2)+TOL (L93)#0S0L (L3 +TOL
(L a)#DS0L(L«4) +TOL{LS) ¥NSOL ({Le2) '
FRINT L1002 XsHAMILGF Y (4Y s (¥ (J) sd=)94)

CALL RUDESY (ManigXgr)

0 70 2
AK=. 00000001
IK=} .

CALL FUNCZ2(FYaY9XsCe50] 90S0LsTOLIK9AXKeBETHA3R93ET)
PRINT 1n9.4K

PRINT 110eXeRETHASFY (4) s (Y{J)sJd=]19Y)
00 57 J=1M
SOL{(1ed)y=Y{J)

NSO (Lley=FyY (J)

CALL RUDESY (t1eMeXgr)
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GO 70 2
2y CALL EXTT
100 FORMAT(8ALY)
Lol FORMAT(1H1+8n10)
102 FORMAT (414)
103 FORVAT(RFLY.0)
104 FORMAT(1H0 s LOXs#¥RESULTSH/)
102 FORMAT (1HO 95X s THXs LOX o SHBETHA 95X, BHQDtR119Xs1HVq1?leHT,14’5lHAvlé
1Xs1H4delbaXs IHS)
107 FOIMAT (14)
108 FORMAT(1H s#¥DERIVHIBAsRE]RT)
109 FORMAT (% AK=seF12,43)
106 FORMAT (180 s #vART ep (e 345E15,7)
110 FORMATOIHD 9 F 7e392X0F 12e392X3E15,592X42E15.7)
EnND

SUBRDUTINE RUDESY (MeNsXer)
DIMeENSTION YL(L0) eYSOLO)oF7(10)sC(30) ’PK(GelQ)969L(50035)QDSOL(6009
153« TOL(/00e5) 53 (600) sBET(600)
COMAON CoaYoYSeFY el MreSOLDSOLsTOLIBETAAGAKeB43ET
KJd=0
N0 30 Ixk=1eN
[=IK+1
16 Xl=X
0 2 J=1 em
2 YS{N=Y¢ N
DO 1) Kzled
HKz= (K+1)/2
GO TO (14397938763 sT)a1TH
3 L=5H2=(TK+K/2) + ] '
CALL FUNCL(FYoYSsXsCoSNLaDSOLsLBeBET)
GO 105
7 CALL FUMCE(FY»YS;X?C,SOL,DSQLsTOLOIK;AKyHETﬁﬂqﬁsﬁﬁT)
G0 T0 5
1 CALL FUNCU(FYaYSsXeCoMeRETHA)
S RO 4 J=] e
4 PR{KsJIzFY ())&~
GO T (9009193991 930e91990)91ITH
9l IF (K=&) A5973475
65 DG BS Jd=1aM ,
.85 YS{I) =Y (J)=(RPK{Ks J) /2) #RK
GO TO (40435403 3595%0935+40) 9 1TH
90 [F{K=&4) 5412412
o DO & J=1am
3 YS{JI=7 (J)+(2K{Ke J)/2,) ¥RK
GO TO (4093544094034 0339+440)91TH
44 X=X1+{H/2,.)%RK
wl T0 Lo
35 xEXle(H/2,.)#0K
10 CONT INUE
7 U0 28 J=leM
28 YA YU ) = (P (Log) +2¥PK (29 J) 42, #PK {39 ) +PRK{44J)) /0,
GO TO (181561791251 7515417)917TH
12 DO 14 J=1 M
14 Y(JIsY )+ (PR (L )42, %PKI2 4 J) 42, ¥PK (39 ) +PK (44 4)) /6,
GO TO (1841541791591 7015417)91TH
14 CALL FUNC(FYaYy Ks"yWyBETHA)

SNENSEN

7 & P 50 - - = 5 g S L S S i e e



216

2l
25

17

218
217

57
30
55

1o3

106
108
110

IF(KJ=1)y213+215

PRINT L10eXeBETHASFY (&) 9 (Y (J)sd=]19)

KJd=0

DO 19 JzleM i
SOLA {Isdi=Y Y .

DROL(Is ) =sFY (J)

GO TO 3o

CALL FUNCI(FYsYeXeCoSOLDSULsLsBeBET)
K=K+ ]

IFIKJ=1)2144215

PRINT 110eXeHWAMILoFY (4) o (Y (J)sd=lsM)

KJ=:0)

DO 25 J=zlM

TOoL{Le Y=Y L)

HAMIL=TOL (Le 1) #0SOL (L9 1) +TOL (L 92)#DSOL (L 92) +TOL (L s3)#DSOL L3+ TDL
YCLe4) #USOL L sa) +TOLILeB) #DS0L(LS)

GO TO 3o

CALL FUNC2(FYaYsXsCoSOLaOSOLsTOLsIKsAKBETHASR3ET)
KJd=RJ+ )

[FIKJ=T)217+213

PRINT 110eXsRETHASFY(4)s (Y (J)ad=]l9M)

NS .

O 57 Jd=leM

SOLA{Ted)=Y L))

BSOLL(Is y=FY (L)

COMTINUE

HE TURN

FORWAT(8F13.0)

FORMAT (1HO s #VARRsFT+,3sRE15.7)

FOFAAT(IH s #DERIVHaBX3GE15,7)
FORMAT(1HOF 72 392X9F126342XsE15,512X295815. ()
<END :

SUBROUTINE FUNC(FYsZsXsCsMeBETHA)
DIMENSION FY(10)Y37020)+C(30)

Z(3)= 0 (L) =x#CL2) ) ##2) /7 (C(1I*C(]1))
DAXZ(2e#C(2)#(CLLY+XHC(2)))/(CLLI*CL))

pETHAzUAX/Z(3)

DX (leF+lu)#3ETHA

y AMACZE (7Y Z (I /(C /) #C(19)I*Z2(2)))
FY(I)SZ(1) % {1/ (1 o=AMAC2)Y ) H(DGR/( CUTIHZ{2))=BETHA)
FY(2)SZ(2) % ((1e=C{B)#*AMAC?) /(La=amAC2) ) #(DIX/ (C(7I¥7(2))=BETHA) +
12(2)#5ETHA

FY(3) =g THA®7Z (3)

FY(4)y=uUaX

Fy(s)=Dax/2(2)

RETURN

END

SUBROUTTIME FUNCL(FYsZeXsCsSOLsDSOL L sBsBET)

DIMENSION FY(10)27Z(10)2C(30)450L{60019)sDSOL(A00s5)1B(600)«BET (600
11
BETHA=DSOL (L« ) /7S0L (L s3)

AET (L) SRETHA

AMESQRT ((SOL (L L) #S0L(Ls 1))/ (C(HIHC(I9)#SOL{Le2)))
AMgZ=AMAM

Cl211=1,/7(la=(amiam))
CL22)=(NSOL L s4 X)) 7(C{TY®S50L(Ly2))

Cl23)=(1 ,=CAAY¥AMPR) /(] . =A%2)

(B8 RIE-R YB3

& 5 " . & : : " ¥ . e G s g



C(24)=(DSOL(1L93)) /(SOL(La3) #50L(Ls3))

BUAZ (12E+10) #(=DS0L(Le3) /(SOL(Ls3)%S50L(Le3)))

DSA= (1e/S50L (L s2) ) #0QA

FY(1)3=1%C(21) % (C(22)=BETHA) #7(])

FY(2)=30L (Lo 1) ¥C(21)% (1o /S0LALe2) I #C(E2)%*Z (1) + (C(23) #BETHA+BE IHA) #
1402 +(DSOL AL s4) /{S0L(Ls2) #S0L(Ls2)) ) #L(5)

FY(3)==50L (Le 1) ¥C(21) ¥ (DSOL(Le3) /(SOL(Le3) %SO (La3)))HZ (1) =(SUL{Ls
12)%C(23)#C(25) =S0L (Le2)#C(24) ) #Z(2) =BETHARZ (3)=DRARZ (4) =DSA%Z (D)
FY(6)=0,0 |

FY(5)50,0

RETURN

£nD

SUHROUTINE FUNCZ2(FYsZoX%XsCaSOLsDSOLsTOLsIvAK s RETHAISsBET)

DIFENSION FY(10)572€10)sC(30)s30L(6009)sT0L(600:5)9B(600)s1ET(000)
PDEB=5e #(1.E+10)
UELS:AK%(»(SOL(Isl)/(l,«d(I)))?TOL(Iql)+SOL(1~2)*TOL(I42)*(1-"(la~
1C(EI#BLTIN/(1e=BLT1))+S0L(Ts3)#TOL(I93)¢DQAB¥TNL(Ts4)+(1a/30L(L1e2))
14#DWARTOL (Is5))

BET{I)=aET4{])+VELR

BETHA=EET(])

UAX=RETHA®Z(3)

DXz (leE+10) #3E [ HaA

AMACP2=((Z (1) #21))y /7 (C{AY#C(LI)*/(2)))

FY(I)=Z (W) #¥ Lo/ (Le~AMACR2) Y #(DUX/ZL CUTI#Z2(2) ) =BETHA)

FY(2)=Z(P) ¥ ((1e=ClO)®AMAC?) /(1o=A4Al2) )Y #{DQX/ (C(7Y#Z{21)=AETHA) +
12(2)#3ETHA

FY(3)288THA®7 (3)

FY(4)=UnX

FY(S)=0ax/2(2)

RETUAN

END
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CODE FOR LINEAR HEATED EXPANSIONS BETWEEN NON-HEATED EXPANSIONS

#EORTRAN

FROGRAMNOZZEL

COMMON TaNMCoJoARsTReTT s STOeDELTO e s XM s VAIV]I sV ZaVileVRIAROsTROS VST

COMMON. yPaAMC o XAMCIEX e TOLsCPGsR o XK o XNUMeCaAM)ub s Ky DAR N AM

COMMON TMAXe TMIN

COMMON XL1sXL2sUL1s0L29RP219RFOZ2]

EX=CONVERENCE EAPONENT ON mACH NO,

M= OF C VALUES
CHPENDe OF COMPUTATION BETWEEN QUTPUT

NCETOTAL NO OF COMPJTED POINTS

T0=INITTIAL STAGNATION TEYPERATURE (IMPUT)

BMZE M SOUARED

E=ERRIR IN MACA NOa ALLOWED

AMO=INITIAL COAPUTED MACH NUMBER.

Dark={Al+1/a1)=(AT/al=1) CHANGE IN AREA RATIO

C=D{AZ/a1)/D(TIE/TGL)

AR=SPECIFIC oEAT RATIO

NK=MUMZER OF C VALUJUES USED

aRO=ALl/40

TRO=T0L/T00

AR=AZ2/ A

VHEVR2/VY

TR=T02/T01

AMC=COMPUTE «wACH NUMBER

amz=INIAL ASSUMMED vaLUE=AMC(I=1)

INTTIAL RAVINS UF AREA.TEMPSVELOCITY

INTERVALS OF axkEA AND TEMP RATIOS

AMBAaR=AVE MACH NO,

STO=INLET STAGNATION TEMPERATURE OF THE INCREMENT

ImaXsax Tmum STATIC TEMPERATURE IN SUPERSONIC 95CTIiOnN OF NUZZLE

TMIN=MINIMUM STATIC TEAPERATURE [N SJPERSOMIC SECTION OF NO/ZZLE

TT=STATIC TEGPERATURE INLET OF INCREMENT

DELTO = CHANGE IN STAGMATION TEMPERATJIRE IN IMCREMEMT

AMNzINLET TO INCREMENT MACH NUMBER

VvX=IHLET vELNCTITY

VELVIS THE CHANOE IN VELOCITY In THE INCHEMENT

VELSLOP 18 THE CHANGE (DELV /ZDELTO) '

RPlo=P1/P01

rRl=P2/P1

POZL=PO2/PD]

OIMENSTONHED (8)

OO0 OO OO0 OO0 00000

! KEAD] QU NHED 9 NPROR
DO6O L,P:l eNPRO 3
) READ(S94n) THAXsTMIN
49 FORMATI(2F1IUL.3)
! 002 I=1.MHED
. COREADIO3.HED

2 PRINTIV6WHED
WRITE(G441) THaXsTHAIN

41 FORAAT (» TMAAZ#F]10ale# TMIN=*F1041)
READLOL 2 XK 4 XMW T 4 G
R=8314.32/7 0047

] CR=(XK#*2) / (XK~1}

' CRGz2a %Py

AUz (X Km14) 72

} o HEADLOL4AMDSTO
N T=TN/ 1,4 {{XK=1e) /24 ) #AMO#AMO)
’ CO=SURT {XKu#R#T)

- VOZAAN#RSORT (Y K#THQ)

o READTOL FoEX

i 5 N i 5 . " " RERE g g i



HG

REATI]I00 ¢ NK h ' B _ T T -
D060 N=1aNK - .3.28
READIOO ¢NC NP

CREADLQLCCoDAR

lav
150

10
300

301

12

22
24

30

199
201

-

DIR=CH*Uan

PLO=L o/ (1o ¥ XNUAHAMORAMO) #3 (RK/ {XK=] o))
PRINTLI02:CsDNAReEsAMDsTsTU sP10
ARO= L o ’

AROZ (1o /ZAMO) ¥ ({207 (XK+1 )% (1, +XNIMFAMO#AMO) )
PRF(IXK* 1) /(2% (XK=1.0)))

1kO=1.

AR=1 .

V=1 .

1R=1,

amMC=AM0

AM=na40

1=7 '

vizvo ~

T01=70

VX=EVO

A=NE?

J=0

WRITE(H,150) '
FORYAT (& 1T Vi v 11 DELV P2/e)
1 PO2/POY AR XM STO VR ARO
2 TRO  #elHO)

IF{T1TeGT, TMaXx ) CalbL nNOWHET

PRITE(B4303)

DO6BO I=1.NC

GO TO 3n1

WRITE (Ael10)

GO 10 lan

AR=LR+UAR

IR=aR#% (] ./C)
CIT=TOL= (vX¥##2) /CPG

5T0=701

TOl=70l=TR

PDELTO=(T0L1=-STO)

K=K+1

AM=0

LM=]

XMNSYX/SQRT (XKHRFTT)

AMBARE (AMC+AM) /2

AMASAMB AR AMBAR

AMI=] o/ (14=A42)

AM=ERKMe ]

vaEVXH((],/7(Am2=1a) ) ¥ (AR=1,=(1e=XNUM¥AM2)# (TR=14))*+14)
T1=70Ll=(v¥v) /CP0

XAMC=V/SHRT {xKex#T1)

[F(AasS{xamC=amCl=F)30+30+20

aMC=XAMeE (amC/ XAMC) ¥ #EX

IF(K4=18)12+22922

IF(LM=20) 244+24870

LMsL e ]

EXmEX/Z2,

G0In1e

ARD=ARO#AR

TRO=TRO*TR ,
P21 (Le/ARD) % (AMO/AMC)  #*SQRE ({1 +XNUMZPAMORAUN] / (1o #XNUMFAMCFAMC))
1#SUrT(TRO) . - ,

PO21=P21# ( (1 o+ ANUMFAMCHEAMC) /(] o + XNIMPAMO®AMU) ) # % (XK/ (XK=]0))
PRINT 201eTTaVXsVaT1aDELVAP21  4P02L  +ARs XA STOeVRIARD S TRO
FORMAT (1 o5F10.3948F10s% )

!

Ed % @ " PR e -
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AMz=AMC
DELVEV=VX

32 VR=v AV
yX=z=Y
K=( .
IF(ARD«TS 10000) 6O TO =%
JuJel : .
IF(11.GT. TMaxX ) gY TO 65
IF(J.EQd, 58) G2 TO 300

60 CONTINUE

69 CALL NONHET

WRITE (04303)

6O TO 1o
Ty FRINTIO08«XaMC e AMC
GOT064
3p3 FORMAT (% LINEAR HEAT AUDITION #)

100 FORAT (114)

191 FORMAT (4F10.0)

102 FORAAT(1HL «3H C=9FHe3s4XehH DAR«;FS.TDGX93H FxeFRBalebXs5H AMOZ4FR,
1334Xa3H T=eFQ, 394X94H TO=,F8e3 24X DH PLlO=4FH3)

103 Foxuval (3A10)

106 FORGAT(1HO#8210)

108 FORﬂAT(“hHUmcﬂfLSIJCUNVFRthI]HFINALM*QFlﬂuﬁqllﬂ AbSUM;DW~9FlU o)

110 FORWMAT (1#1)
EnND




A VAR LV L V]

RV VIR S e R o A

— W W N AT

T W e e g b

40V
149

150

10
300

30}

10
2V

ee
24

34

199
201
3z

60
70
108
110
204

3. 30
SUBROUTINE NMONHET
COMMON [aMCsJsARs TRITTaSTOSDELTOKaXMNaVXoV1eV29VDaVRIARDITROsVT]
COMAON NP9 AMC s XAMCIEX 9 TOL s CPG3Ry xKa XNUA Co AMO s E o NIKo DAR N s A2
COMYON TMAX;TMIN
COMMON XL 1oXL.2o0L19DL2sRH2LsRPOZ]
DIIW=I~0E*6
WRITE(04400)
FORMAT( % NN HEAT ADDITION EXPANSION )
60 TO Lo : , ‘
BRITE(6+150)
b= .
FORMAT (# 1T V1 Vv [ DELV P2/n1
PO2/POY AR XHMN STO VR ARO -
TRO  #4¢1HD)

T00AD 1= 000

60 10 301
WRITE (64110)

G0 TO 149

AR=AR+DAR

TR=1,.U

TT=T0l=(VARR2)/CPG

STO=T01

TO01=TDL&#TR .
DELTO=(T01=5T10)

A=K+l

“M=()

ES

AMNEVX/SQRT (XK¥R#TT)

AMBARE (AMC+hm) /2

AMZz AMBAREAMRAR
AMIE) o/ () e=AnM2)

AMERKMe |

VaVX#( (], /7 (A2=1) ) ¥ (AP=] ) +]e )
T1=70Ll=(V¥V) /CRG
XANC=V/SORT (XKAR#*T1)
IF(anS{xAMC=nMC)~E) 30930220
AMCEXAMECH LAMC/ AAAC) %X
IF{RM~=[5) 12422222

[IF(LM=20) 24424270

IEI

tx=Ex/2,

GOINL2

ARD=ARO®AR

TRO=TRO#TR
P21=(1, /4R0) % (AMO/AMC)  #SART( (1. +XNIAFAMOEAMN) / (14 + XNUAHAACHAMC) )

1#SURT (TRO)

PO21=P21% ( (1,4 XNUM¥AMCHA AC) /(1 o + XNYM#AMD®AMD) ) # % (KK/ (XK=14))
PRINT 201 ITeVXasVeT1eDELVaP21  4P021  saReXMNedT0Os VP9 ARD s 1RO
FORIAT (1H +5F10a398F10.4 )

YR=V/VO .

DELV=V=VX

AM=AMC

vXz=y

A=

J=Jel

IF{TlelT. TMINM ) GO TO 500

IF(ARD.GT.10000+0) GO TO 500

IF(JEW, S4) GO 10 300

CORT TNUE

PRINTLIOR . KAMC s AMC

FORMAT (2BHOMFALLSTOCONVERGEWI THF INALMZ2F 10455114 ASSUMEDN 4= 3F 104 9)
FORAAT (141)

RETJAN

i o g - U % # £
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OO0 OO0 GO COONON OO OO0 OO0 OO0 O000

3.31

CODE FOR CONSTANT VELOCITY HEATED EXPANSIONS
BETWEEN NON-HEATED EXPANSIONS

FROGRAM CVANONY A '
CVNONH 1S 4 PROGRAM FOR COMPUTING dEAI AUDITION UNDER CONSTANMT VEL
OCITY AMD NOn AEAY ADDITION EXPANSION

PROGRAM FOR STUDYING HEAT apDITION TO SuPtHSOMIC NOZZLES
AMEINTAL ASSUMED VALUE=AMC(1=1)

AMBARZAYE MACH NO,

AMC=COMBPUITE MACH NUMBER

apmO=INITIAL COMPUTED mMACH NUMHBER 4

AmZ2=z M SOUARED

AR=A2/A)

ARO=AL/ A

C=D(A2/61)/DA(TA2/T01)

CP=SPECIFIC HEAT

DaR=(AL+1/7aT)~(AL/aT=1) CHAWGE IN AREA RATIO

DELTO = cHANGE IN STAGMATION [EMPERATJURE IN INCREMENT
DELVIS THE CHANGE IN VELOCITY In THE INCREMENT

E=fR0Rr 1IN MACH NDe ALLO4ED

EX=CONVERENCE EXPONENT Onl MACH ND,

JEAREA RATIO IWDEX

a=TEMP 24TI0 TANDEX

NC=TOTAL NO OF COMPUTED POINTS

NK=R0e 9F € VALUES

MP=NOe DF COMPUTATION RETWEEN QUTRPUT

Plo=rl/Pnl

p2l=pPaesrl

Po21=P02/”R01

STO=INLET STAGNATION TEMPERATURE OF Trg INCREMENT
TO0=INITTAL STAGNATION TEMPERATURE (IMPUT)

TI=STATIC TEMP AT AREALALLDEG K

T2=8TATIC TEMP AT OAREAAZLDEG K

T01=STAGNATION TEMP BEFORE HEAT ADDITION. K
TOR=STAGHMATION TEMP AFTER HEAT ADDITIUN. K

TRO=TOL/TOV

MOLT=MOLECULAR WT OF FLUID

vizINITIAL VELOCITY BEFORE nREAT aDOITIONeVMETER/SEC
V2=FINAL VELONCITY AFTER HEAT ADDITION, METERS/SEC
VELSLOP IS THE CHAWNGE (DELV /DELTO) '

vR=y2/Vy

TR=TN2/701

kR=SPECTIFIC HFEAT RATIO

AM1=INITIAL «ACH NO BEFORE HEAT ADDITION OF aArREa CHANCE.
LM2=F INAL MACH NO AFTER AEAT ADDITION ANW AREA CHANGE
COMMON AMaARsAA0 9 ARD 9CsCPoCPGIDARIDELVsDELTOsF st Xs TaJoNCeNPaNKs N
COMANN P1DeP213P021eRsSTNsTOLsTO29TRsTLeT2aTRNaV,4VA sV1sV2eVnaVvRi
COMMON VELSORPSRELDY o XK g XNUMa XML o X229 AAOLWT o TAAKy T8I Na AMC
DIMENSTONAED (R)

READLIOQ 4 NAED o 1IPROR

DOGN LP=1snPRNA

D02 1=14NHED

HREADLOJI L HED

PRINTLIO4HED

READLOL o XK e X040 T 913
HEB314e327AMOLAT

# g & g



Lpe
103
106
1uh

64

o))

0
10
149
150

T

199
241

.32
FORMAT(1H +3H u-;Fﬁaos4Xsbﬂ DARZ ,FBs 714X s3H EzoFaeTeaXebH AMU~9F7~

]?q‘&’(q3l’i TEeFR,394Xe6H TOReF 8, 3 shXxshr PlO=.FA, 3} -
FOrvaT (A1) ‘
FORMAT (1HD s BAL10)

FORMAT C1H LOXahF15732185F1505)

CP=(XK¥%) / (xk=12
CRG=2 ¥ CPHG
ANUMZ (AL=14) /2
READ)LOL s AMO S TO
T=T10/(1,+ ({XKela) /24)#AMO*AMO)

CO=SQRT (XK#R#T)

VORAMDRGORT (XK*TH#R) i
READLIDL «FELEX,DAR

RFEAD 100aNK

D060 Nz el

READL1OL,TMAX TN
PLOZ] o/ (1e+XNUARAMDEAMNY 3t (AK/ (XK=14))

ARDZ (1an/ZAMO) # (2,07 (XK+ 1) )% (1 ¢+ XNJMFAMOHFAMO)Y )

13 ((XK+1, ) /(2 ¥ (XK=1.0)))

WRITE(6.55) TMAXs THINgAMO

FORAAT (HH [MAX:Flﬂ,3,5HTMIN:F1DoBQQHAM0=F1003)
TRO=1,

szlu

vH=1,

TR=1, .

AMC=AMO

ArM=0:40

fl=r

v1=v0

Tol=70

VX=V0

Kb

wRITE(DL,10)

FORMAT(1HL s #SUPERSONIC NOZZLE WITH HEAT ADDITION STUDY#)
WQITE(bslSO)

FORMAT (3 Ti Vi v2 Te DELV P2/p1
1 PU2/PO1 AR Xl sSTO ¥R ARO
2 TRO  #41H0)

PRINTIU24CoaDARIESAMDsT T P10

KWRITE(54301)

I=1

DO 20 I=1+60

[F(LEQ,60)60 TUu 9

IR=TR+0,001

CcaLL CONVEL

S5TO=7T01 )

P21=(l,e 7ARN)# (AMD/XM2)  ASURT ({1, #XNUMHAMOFAMD) / (1« +XNURBKX24XM2) )
1#SURT (TR0}

PO21=P21# ( (1, ¢+ ANUMRAMR#X XM2) /(1 e+ XNUMEAXMO#AMD) ) %3 (XK/ (XK=1s))

PRINT 2019T1aVXaVal2sDELVYaP2L  +P021 AR XM195TOaVReARD IR]
FOHMAT (14 913F 10,41

T1=T2

ol=102

IF(aRD 5T 1000V.0)Y GO TO 64
IF(T2.LT, IMINDY GO TO 77

1IF (A2 JLTe1.05) CALL NONHET
IF(T2,0T,TMAaxX) CaplL NquET .
WRITE(6q303) ) ) L=

303 FORMAT (& CONSTANY VE L)CITY HEAT ADUIT 10N %)

108
110
6v

FORMAT(2RH0MFAILSTOCONVER6&#ITHFIVALM~9FLU.5911H ASSUﬂEﬁH;-FIOuS)
FORAAT(1HD)
CONTINUE

7 O g " o



-2V CONTINUE

=100

Lol

2L,

149
‘%U

404
lu

FORAAT (314 )

FORAATL4F L0, 0) )

ENnD -

SUSROUTINE CONVEL

COMMON AMsAR s A0 AROsCoCP e CPGeDARIDELY e DELTOsE sEX sl s JsNCaNPoNR g N
COMMON PLO+RP215P021sReSTIs (01el025TRsTLeTR2eTROIVaVAIVIV2eVDaVR
COMMON YELSOPsRELNV ¢ XK g XNUMg AMY s X2 s XMOLWT 9 TMA Xy [N g AMC
CALCULATION OF NUZZLE PERFURMANCE JITA HEAT ADDITION AND AHEA
CHANGE 2FQUIRED TO AOLD CONSTANT VELOCITY

Cl=(Vvi#y1) /7 (2.%CR)

TO2=TO01#TR '

XM1=V1/SQRT (XK#T1%R)

T2=102~c1

2=y 1/750RT (XK#*T22K)

XMA= (XM1+XM2) /20

ARZ (TR) #4 ([ o+ ((XKmle) /26 ) #XMARKMA)

ARO=ARO®AR

DELTO=TOR2=101

TRO=TRO&TR

DELTO=(T02=T01)

vam=y)

VELSOP=g,0

DELV=0.0

THELDYV=O,0

VR=(, U

RETURN

END

SUBROUTINE nONAET

COMAON AMesARSAADeARD 9CoaCPRaCPOsDARIDEL VaDELTOF 1 EX o ToJaNCeNP N g
COMAON PI1OsP21sP0219RsSTOM01sT020TRT L9 T2sTRMNIVVXaVIaV29VDeVR
COMMON VELSOR¢RELDV e XK e Xdl149 XML o X429 XADLWT o TMAX g FMIniy A40

AMC= XM2

AM=E XM

VX=y2

uRITE(0.15%9)

FORMAT (& Tl V1 Ve T2 DELvV P2/p1
1 POg/sPO1 AR Xl STO VR ARQO

pd TRO  #9lHYD)

S=0

WRITE(DA400)

FOor4aaT{ *  no AEAT ADDITION EXPANSION )
DO 50 Ix=1.1602

DO 60 Jale60

IF(J.EQd, H9) G TD 149
ARZAR+JAR
TI=TOl=(vX®#2)/CPG
5T0=7T01

“wERK+]

AM=Q

LMl
AIMI=VX/ZSORT(XKH#R*TL)
AMBAR= (AMC+Am) /2.
AMZ2= AMi AR AMIAR
AMdi=le/ (1a=Am2)

CET RN




3.34. .

VavXs ( (1,7 (AN2=1e) ) ¥ (aR=1,) +1,)
12=2TOl=(VvHy) /CRU
XAMCaV/SQRT (XKHR#T2)
10 IF(a8S(XAMC=AM4C) =E) 30530520
2V AMC=XAMCH# (AMC/ XAMC ] ¥#EX
IF(KM=15) 12922922
22  IF(LM=20) 264.2%s70
24 iM=mpmMel
EX=EX/2,
60TD14
30 ARO=ARO=AR
121501 e/7aR0Y#{AMD/AMC)  HSQRT (], +XNUMEAMD*AUD) / (1o + XNUMFAMCEAME) )
1#54RT(TRO)
PO21=P2 1% ({1, ANUMBPAMCHAMC) / (1o + XNJMEAMO#AMO) ) #3 (XK/ (XK= ] o))
Am=amC
DELVEV=yX
199 FRINT 2nlelleVXsVaiZ2sDELVsP2] W R2021 sARS XML 45T VReARD 2 THD
201 FORMAT(IH $13FL10.2) ‘
32 VH=V /VO
VXY
k=0
IF(T2.LT. [MIN) G0 TO 500
IF(AROOGTGlDQOOOO) GO TO 500
60 COnNT INUE
(&) PRINTIOR . AAMC » AMC
GO T0 lo
100 FORMAT(3I4)
101 FOR4AT(AaF10.0)
102 FORMAT (1H193H C—5F8e394X,%H DARZ 4F 3 794X93H FzaFsaeaTe4Xs59 AMOZSF7,
1 94X63H T=3F3e394X94H TOS4FB8.3 96X35H Pl0=,FB,.3)
103 FORMAT(aa10)
104 FOk4AT(1HOe8A19)
106 FORMATILIH 10%sdF 18792 18B4F15,9)
108 FOR4AT(?RH)MrAILbTUCONVEHbEWITHFIWALM~9F10 S5¢11H AS%UA NEi= g Fl0e5)
110 ¥FORvAT(1H1) -
S0y vi=v
HETJRN
EnND

e



MEASUREMENT -OF NEUTRAL-ATOM SPEED
IN BOMBARDMENT THRUSTERS

by Richard Moore

During this granf period several changes were made in
order to improve the experiment. A larger d.c. motor with
three times the power rating of the original motor was
purchased to drive the velocity selector. This was necessary
because it was fouhd that the smaller motor would not start
the selector from rest in the vacuum chamber unless the
selector bearings has just been lubricated4'l. With the
new motor installed no more problems have been encountered
with the velocity selector. The new motor will drive the
selector up to speeds of 12,000 RPM. This means that in
order for a mercury atom with an average speed, given by
(2.55kT/m)%, to get through the velocity selector, the
temperature of the gas would have to be = 4000°K. Therefore,
if the neutral gas is at the temperature of the thruster walls,
which is = 500°K, the velocity selector will stop all but a
small fraction of the mercurf atoms which make up the beam
from the thruster.

In order to detect the number of molecules which make it
through the selector an ion gauge and lock-in amplifier are

being used. The function of the lock-in amplifier4 is to

pick out a weak signal which is superimposed on.top of a large

unwanted signal. This is accomplished by making the .desired

signal along with a reference signal, usually a photo cell

and light source, appear at a certain frequency and phase

angle. . The lock-in amplifier is then set to look at the

frequency at which the signal will appear. Since most of

the unwanted signal will have random frequencies and phase

angles, only the desired signal along with a small component

of noise, which appears at the set frequency, should be recorded.
In our case the flux of neutral atoms from the thruster '

is first chopped at a frequency of 330 C.P.S. Then atoms move

on through the velocity selector into the ion gauge where a
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fraction of them are ionized. The signal from the ion'gauge
is sent to the lock-in amplifier where the desired information
is recorded on strip chart paper.

When the above set up was first run, the lock-in amplifier
did not function corréctly. In order to determine if this was
a fault of the amplifier, a high intensity beam was produced
which could be easily measured. The beam was produced by
closing off the front end of the thruster and introducing
argon gas into the thruster at a flow rate of = 5 x lO17
molecules/sec with the discharge off. When equilibrium in
the thruster is obtained, the flow in equals the flow out.
Of the total flow out of the thruster only 7.8 x lO14

sec make up the beam which enters the ion gauge. This is
12

molecules/
eompared to a flux of 10 molecules/sec when the thruster is
operated with no cover on the front. A mechanical shutter
was placed in such a position that the beam can be turned off
and on by hand.

The lock—in‘amplifier was then operated using the intense
beam. It still did not work correctly. It was later found
that the chassis of the lock-in amplifier was not grounded
correctly. When this was corrected a signal of 100 microvolts
was obtained, using an emission current of 8 ma in the ion
gauge. The signal was due to beam molecules because when the
shutter was placed in front of the beam the signal dropped by
100 microvolts. It has since been found that when the
velocity selector is used, the signal from the lock-in amplifier
does not behave the way it should. We are now at the point
of trying to determine the reason and correct it. As a
diagnostic tcol, some rough measurements will be taken using

the oscilloscope as the signal detector.
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5.1

AN ANALYSIS OF ELECTROSTATIC-SPRAYING FLUIDS IN
TERMS OF THEIR ELECTROLYTIC SOLUTION CHARACTERISTICS

by V.‘Steadman and G. W. Tompkin

The study of the behaviour of electrolytic solutions at
high electric fields is a valuable meahs of interpreting the
results of electrostatic spraying experiments. The primary
basis for thinking that one can isolate the contribution of
the conductivity of the propeélints in these experiments is

furnished by Pfeifer's theory -and its agreement with

experiment. In this theory, it is established that:

_ 3
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M = mass flow rate,

§ = surface tension,

p = density,

Eo = electric field strength at the capillary tip,
c(Eo) = conductivity as a function of E .

For NaCl-doped glycerine, the empirical dependence of the

specific charge q, on o(EO) has been found to be5'2:
| 6 oEé] 0.575
g, = 6.5 x 10 —-j' (5.2)
‘ M

(Theoretically, for this Na—Cl'glycerine system, K = 6.0 x 10_6

in MKS units.) Such accuracy in the théory is fortuitous, but
marked similarities between q, as a function.of Eo and
conductivity as a function of Eo are expected in general.

In fact, it appears that:
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"Thorough understanding of electrostatic
spraying reqﬁires,thorough understanding of the ionic
conduction at high fields. Excessive high field
conductivity studies of doped organic solutions appear
to be necessary."s'l

Problem areas in the generation of charged particles by
electrostatic spraying in whic¢h knowledge of electrolyte

behaviour is capable of aiding in analysis are:

(1) inefficiency as evidenced by non-narrow
particle distributions

(2) factors which enhance the conductivity of a
particular propellant at otherwise fixed
system conditions '

(3) interferences which make a given propellant
suitable for electrostatic spraying at only
one needle potential polarity

(4) inefficiency occurring from energy loss in
the droplet extraction process.

There are two rather distinct aspects to the characteristics
of propellants which affect their average charge~to-mass ratio
and the beam efficiency Nge These aspects are the tendency to
form both ions and macromolecular charged particles under the
same conditions and the tendency to produce several distinct
species of charged colloid particles in a given beam. A
correlation between the variation of the degree of ion (or
aggregate) production with needle potential and changes in the
numbers of ions (or aggregates) in a given solution with applied

potential may be possible. Many observations®® 3 >*>

on the
variation of dg and nsywith needle potential in electrostatic
spraying experiments indicate:
(1) the number of ions in the beam increases with
increasing potential, and
(2) the beam efficiency decreases with increasing
applied needle potential.
A good illustration of this situation is seen in Figure 5.1,
taken from Ref. 5.5. (No research propellants at present have
dg and Ng values such that their points lie within the dotted

"V" region.)
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This increase in the number of ions with applied field
agrees qualitatively with Onsager's ion-pair dissociation
theory5'6. In the electrostatic spraying case, entities
(not necessarily ion-pairs) which tend to form charged colloids
increasingly "dissociéte" at higher electric field strengths )
to form ions (or smaller ionic entities). The following
equation, due to Onsager, indicates the increased conductivity
to be expected with an increase in field strength in the case
of ion-pairs:

K e3

— =14+ —— E, (5.3)

le) 4dek™T :
where K(KO) is specific conductivity at an electric field E (Eo)'
and e is permittivity of the dielectric. There is an
accompanying increase in ionic species since é§-= A%V where A%
is the increase in the percentage of dissociated ion-pairs.
By analogy then, one would expéct the increase in averag? dq
to be accompanied by lowered beam efficiency (due to an increase
in the relative number of different species present), as has
been found. A propellant in which monotonicity in the relation-

ships between applied needle potential, dgr and beam efficiency

exists is NaOH-glycerol. Partial data for this system are as

5.4
follows :

Needle potential (kv) Pressure ("Hg) ns(%)' q.

6 10 89.2 157

7 10 81.5 295

8 10 73.9 516

9 10 69.9 770

10 10 70.0 871

Thus, whereas Pfeifer's theory only accounts for an overall
increase in the average g with increasing potential, it may
be further possible to account for the overall decrease in
efficiency by consideration of electric-field-enhanced
dissociation processes.
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A case in which quite large distinct aggregates must be
present in the beam is that of tetraethylammonium chloride (TEAC)
' 5.5 :

). Three
distinct peaks corresponding to particles with small qs's have

been found in the velocity distribution of this solution. Such

in oleic acid (<qs> = 41.2 coul/kg; ng = 86%

a result is not surprising since ammonium salts with long
hydrocarbon side-chains commonly form distinct polymer species

in organic solution35'7. The dipole moments and molecular

radii of such species have been measured in some cases5'7. (A
Ymolecular" radius of 25 ; and a dipole moment corresponding
to a charge separation 6f 1.6 g are typical of such aggregatess'ju
The effects of most of the charges are cancelled by symmetry5'7.)
Such species-~-or a tehdency to form such aggregates in the
developing droplet--may have led to the peculiar peaks
mentioned above for TEAC-oleic acid. It would be of interest,
then, to correlate the concentrations of various éggregates
under non-electrostatic spraying conditions (but still high
electric field) with those found to be present in the charged
beam. Dipole absorption techniques superimposed on a d.c.
electric field would allow one to determine variations in the
" size and types of these aggregates with increasing E. (Dipole
absorption occures at megacycle frequencies for such aggregates.
Due to the finite alignment time of the ionic atmosphere, one
would not see increased conductivity (and possibly not increased
dissociation) with increased applied ﬁ, if only an a.c. field
is present5'7.) .

To find propellants‘which lie within the region of high
efficiency for high dq (the dotted "V" region in Figure 5.1),
one must consider factors which favor an enhanced conductivity
of one propellant over another at fixed system conditions..
Electrolytés are known for which an increase in concentration
greatly enhances the average dg value but does not alter the

- efficiency. An example is NaI-glycerol, the data for which is

as followsS‘B:



Needle dimensions Conc. (g NaI/100 ml Needle g > Ng
(mil) glycerol) potential
8 x 4 15 6kv 70 S2UL g1
g
u ' 20 " 5000 " 81%
" _ 20 " 6.3kv 8000 " 79%

This phenomenon should be even more enhanced for eléctrolytes
which form micelles at and above a rather definite concentration
region. For instance, in aqueous solutions, it has been found
that 2 x lO_3 M solutions of cetylpyridenium chloride have a
conductance 30% greater than that of solutions of the same salt
at infinite dilutionS‘G.* Similar increases in the conductance
of MgSO4 in glycerol-water mixtures have also been attributed
to micelle formation in the past5 6 ** The hypothesis is that
multi-charged micelles make a greater contribution to
conductance than a corresponding number of single ions on the
basis of decreased overall viscosity effectsS'G. Certainly
such micelle solutions seem likely candidates for the production
of high specific charge propellants with high beam efficiency.
(The increase in conductivity seems to rule out the possibility
that these micelles are actually multiple ion-pair aggregates,
in which there is an overall cancellation of charges rather
than a multiply-charged entity.)

A second factor which tends to increase the conductivity

of a particular electrolytic solution is the ability to

* The applied voltage was 200kv/cm for both agqueous solutions.
The conduct1v1ty difference increases with applied field
strength in accordance with usual results as the electric
field is increased. Further, nonaqueous solutions are
expected to exhibit much_larger differences with increased
electric field strength.®-2 The field strength at the
needle in electrostatlc spraying experiments is estimated to

be on the order of 109V/cm for a lkv applied needle potential.
Cf. Ref. 5.1.

**However, the author failed to mention whether the high field
conductance N exceeded that at infinite dilution A _. Hence,
he may have seen the increased dissociation of ion- palrs,
for which A <A _5-6,
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conduct by a "chain" mechanism. This phenomenon may be
operative whenever protons or hydroxyl ions are present in

the doping agent for glycerol-solvated systems. One suspects
that the extraordinarily linear-dependence of log g, on the
needle potential Vi for NaOH-glycerol solutions is due to -the
fact that the mechanism of conduction and dissociation does
not change with increased potential. This mechanism - of
whatever origin - evidentally takes precedence over other
conduction means. Figure 5.2 (from Ref. 5.9) gives a
comparison of the electrostatic spraying behaviour of NaOH-
glycerol with that of other propellants. The slope of log dg
versus Vg for NaOH-glycerol is much steeper than for the other
electrolytes with two exceptions - NaI-glycerol and sulfuric
acid—-glycerol. Increased conductivity due to the "chain"
mechanism would explain the hydroxide and acid cases, but the
performance of NalI-glycerol is peculiar. (As for the other
°+® f the high field

conductivity of polyvalent electrolytes in agqueous solutions

results given in Figure 5.2, past studies

as compared to monovalent electrolytes are in agreement with
the relaiive trends seen there. Polyvalent electrolytes have
greater increases in conductivity with increased electric
field5'6.) Work needs to be done to confirm whether the
increased mobilities of protons and of hydroxide ions in
glycerol solutions can be accredited to the "chain"” mechanism.
The increased mobilities of these ions in aqueous solution
have been shown experimentally to be the result of such a
mechanism. Further, no experiment has, as yet, been run on
the NaOH-glycerol and the sulfuric acid-glycerol systems to
establish the dependence of the actual conductivity on the
applied electric field strength. .
-_Ahother facet of electrostatic spaying in which further
knowledge of electrolytic solution behaviour may aid in.
analysis is the inequality in the performance of most
propellants as needle voltage polarity is changed. This
problem is especially important in the development of bipolar

thrustors. Difficulties specific to this research area include:
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(1) the tendency of certain ionic species to be

reduced at the needle, producing either a gas

which leads to arcing instabilities or a needle-

clogging deposit

(2) solvation, éomplexation, and ion neutralization

phenomena which prevent, or impede, the t

‘formation of charged particles at one needle

polarity.
Cases of all these situations have been found. One such is that
of silver nitrate in glycerol—glycols'lo. A dc beam of
charged particles can be formed for silver nitrate-glycerol
for both needle voltage polarities below 3kv5'10. But, for
AgNO3~glycol and AgNO3~leCol solutions, dc (Mode III) spraying
occurs only for negative needle potentials below 3kv in
magnitudes'lo. A similar failure has also been noted for
NaI~glycerol: "Extended examination of NaI/glycerol revealed
- that this fluid was not capable of producing a DC beam at _
negative potentialsns'g. For NaIl-glycerol, the neutralization
of Na' ions is hindered by the fact that the electron in the
metal is at a lower energy than it would be if it were
transferred to the sodium ions'g. Hence, the failure may stem
from this phenomenon. But, is such an explanation applicable
to the AgNO3-glycol result? The ease of neutralization of}
either Ag+ or N03m should not differ significantly for the
glycol and glycerine systems, in which solvation of these ions
should be similar. Nevertheless, measurements of the trans-
ference numbers of silver ion and nitrate ion in these various
solvents were made to determine whether there are significant
differences in their degree of solvation. (A reduction in

mobility (or transference number) for a given ion is indicative
*

of the tendency to maintain a solvent shell during miération

or to form complexes with the counterions.) Our initial results

* At low electric fields in aqueous solutions, a 50% reduction
in ionic mobility has been found for solvated lithium ion. -
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for the transference numbers of silver ion and nitrate ion
*
were:

(1) t 0.57, 0.11N AgNO3 in glycerol;

+
(2) t

4 = 0.48, 0.06N AgNO, in glycol.

(The possibility that silver ion or nitrate ion transferred a
solvent shell was considered in the experimental approach, so
that "true" transference numbers were obtained.) From the
transference number for silver ion in glycol, it appears that
the nitrate ion has a greater mobility than the silver ion,
whereas the reverse is true in glycerol. Hence, the relative
mobility of the silver ion is more affected by the change in
solvent. A determination of the average number of solvent
molecules migrating with a given ion for these various solutions
is needed to ascertain more precisely the changes in degrees

of solvation with solvent for the two ionic species. Methods
are known for making such a measurement at low electric fields.
In general, further study should be made of the effects of
similar solvents on the ability of a given salt (in solution)
to give rise to a dc charged particle beam.

Finally, the inefficiency in charged droplet generation
which arises during droplet formation must stem from energy
consumed in one of the following processes:

(1) charge grouping to form a multiply-charged droplet

(from Faraday cage experiments it is known that

these particles are so chargeds'l’s'z)

* It should be noted that these measurements of the
transference numbers (or relative mobilities) of the ions
were made at low field strength. No method exists at
present to distinguish the mobility of the individual
types of ionic species at high electric field strengths.

In organic solutions, where very large dependencies (often
200% or greater increases for moderate field strengths »
(Ref. 5.2, 5.6, 5.6)) of the conductivity on applied electric
field are observed, knowledge of the individual mobilities
could be of prime importance to electrostatic spraying
analysis. 1In fact, it has been found that "if the ion

being neutralized had a higher mobility than the ion ejected
from the capillary, then much better specific charge
distributions resulted..."? (These mobilities were
evidentally extrapolated from "zero-field" transference
number measurements.) '



(2) Joule heating '

(3) extraction of the charged colloid particle from
- the fluid-vacuum interface

(4) field distortion.

Such "intrinsic" inefficiency has been measured by utilizing
a retarding potential method to determine the "actual" kinetic
energy of charged particles as a function of applied needle

5.11 n5.11

voltage . A 23% energy loss was "consistently noted.

Such a large energy loss is "of the order of the molecular

*
formation energy of the glycerol itself"s'll. No dissipative

mechanism can be found to explain this large an energy losss'll.
Hence, it was suggested that part of the "energy" loss is
actually due to evaporation. (The experiment performed could

not distinguish bet&een such mass and energy losses.) It

seems necessary to hypothesize further that there is an

"intense local heating of the glycerol droplets which then
partially evaporate in flight"5'll. The heating, if occurring,
must be due to migration of the ions in the electric field.

If so, for a fixed needle potential, propellants having different
conductivities should produce differing amounts of Joule heating.**
The breakage of solvent-solvent bonds in the extraction of the
droplet, on the other hand, reduces the heat content of the \
liguid. Similarly, neither the energy consumed in moving

charges into the region of multiple like charges, nor that lost
due to field distortion would result in heating increase. Thus,
it is critical that the degree of evaporation of particles in
flight be determined. This degree of evaporation could be
increased by heating the needle or possibly by bombarding the
particles with light from an intense source. A greater "energy"

loss should then be observed with the retarding field method.

* AH(formation) for glycerol = 159.8 kcal/mole. Unfortunately,
data for the experiment under consideration were omitted
in Reference 5.11.

*¥%* Also, measurements of the absolute mass loss could be made
with a Faraday cage in conjunction with a retarding potential
for particles of g < 100 coul/kg. A thrust balance could be
used for a multiple needle arrangement.
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To obtain an order of magnitude estimate of the pre-
droplet-extraction energy loss, one could apply a high
potential pulse to the needle of duration shorter than that
of the droplet formation time. (The droplet formation time

5.2

is on the order of microseconds™"".) The resistivity of the

solution will be greater for such a short voltage pulse due

to the fact that the solution has a finite alignment time5'6.
This energy loss would be equal to the integral of the product
of the current flowing to the needle and the applied voltage
at a particular instant of time, integrated over the period

of a voltage pulse. ©Some current must flow since the charges
are separated and neutralized prior to droplet extraction.

The voltage pulse technique may also provide information on
Joule heating. Such heating of electrolytic solutions under
high applied electric fields has been detected even for high
voltage pulses of microsecond duration5'6. This heating
lowers the resistivity of the solution and should be detectable
as a rise in needle current flow with time for a given applied
needle voltage (of pulse duration)., '

Field distortion also appears to be a possible problem.
Analysis of it can best be handled by comparing the dg of ions .
as measured by time-of-flight and quadruple mass spectrometers.

In summary, several areas in charged colloid generation
research have been considered in which further knowledge of
electrolytic solution characteristics at high electric fields
could be utilized. More detailed information on the types of
ionic species, and their respective mobilities under high field
conditions, should lead to greater understanding of the origin
of beam inefficiencies. Such information should aid in the
selection of propellants having high beam efficiencies as well
as high charge-to-mass ratios. In addition, further experiments
on the overall high field conductivity of doped organic

* In one case, results obtained from TOF analysis indicate a
beam current which is 42% ionic and contains an ion having
a gqg of 590,000 coul/kg (Ref. 5.4) -- 13% is too high for an
ion composed of two molecules of glycerol. Field distortion
could explain the discrepancy. '
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solutions are needed. The inefficiency of the droplet
extraction process may also be traceable to Joule heating

occurring during ion migration.
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FIG. 5.2 (From Ref. 5.9, pages 32-33) Specific Charge

. vs. Capillary Potential.
Parameters for Curves-
Curve Solution
A,B ng NaI/100 ml glycerol
Cc,D,E,F l1.6g NaCl/100 ml glycerol
G 5 ml H,S0,4/100 ml glycerol
H 0.78g %aCl/lOO ml tetraethyleneglycol
I 0.35g NaOH/50 ml glycerol
J 20g NaI/50 ml glycerol
K 0.3ml H5S04/50 ml glycerol
L 1.5gMgCI3-6H20/50 ml glycerol
M

E
&
]

%

s

20g ZnCl,/50 ml glycerol
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